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TUBULAR LIGHT GUIDANCE SYSTEMS AS ADVANCED DAYLIGHTING 
STRATEGY 
SUMMARY 
The present study aims to examine how light pipe systems, which are used as 
advanced daylighting systems today, are integrated into office buildings and what 
methods are employed for the evaluation of these systems. Computer-generated 
simulation programs constitute one method of such evaluations. This research made 
use of Skyvision, a computer-generated simulation program, in order to simulate a 
sample end-lighting light pipe model. The model was compared to a basic system 
with the same function for an evaluation of performance. For this performance 
evaluation, three different types of skylight were used in a square and deep-plan 
(windowless) office room. As the base model in the program, an end-lighting light 
pipe; as reference models, two flat skylights with same opening surface area but in 
different design alternatives were defined. Through simulations, firstly optic 
performances of the three systems, secondly daylight performance obtained within 
the office room, and thirdly the annual energy saving percentages of each system 
were compared. In the final analysis, the light pipe system proved to have the highest 






GELİŞMİŞ GÜNIŞIĞI SİSTEMİ OLARAK IŞIK KILAVUZ TÜPLERİ 
ÖZET 
Bu çalışmada, gelişmiş günışığı sistemi olarak kullanılan ışık tüplerinin ofis 
binalarına entegrasyonu incelenmiş ve bu sistemi değerlendirmede kullanılan 
yöntemler irdelenmiştir. Bu yöntemlerden biri de bilgisayar destekli simülasyon 
programlardır. Araştırmada, “Skyvision” simülasyon programı kullanılarak, örnek 
bir ışık tüpü modelinin simülasyonu yapılmıştır. Performans değerlendirmesini 
yapabilmek için, ışık tüpü sistemi, aynı fonksiyonu gören temel bir sistemle 
karşılaştırılmıştır. Bunun için, kare planlı, penceresiz bir ofis odasına 3 farklı tipte 
çatı ışıklığı tanımlanmıştır. Programa esas model olarak uçtan ışıyan ışık tüpü; 
referans modelleri olarak da aynı taban alanına sahip, farklı düzenekte 2 düz çatı 
ışıklığı tanımlanmış ve simülasyonlar gerçekleştirilerek, 3 sistemin optik 
performansları, odada elde edilen günışığı performansları ve sistemlerin getirdiği 
yıllık enerji kazanç yüzdeleri karşılaştırılmıştır. Sonuç olarak ışık tüpünün yıllık 
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1. INTRODUCTION  
Throughout history, daylight has been a primary source of lighting in buildings, 
supplemented more recently with electrical energy. Before daylight was replaced 
with electric light in the late 19th-century, consideration of good daylight strategies 
was essential. Fortunately, during the last quarter of the 20th-century and early years 
of this century, architects and designers have recognized the importance and value of 
introducing natural light into buildings. 
Le Corbusier so clearly identified the importance of light in architecture when he 
expressed the point that, “Architecture is the masterly, correct and magnificent play 
of volumes brought together in light ...” emphasizing that “...the history of 
architecture is the history of the struggle for light.”. [1] 
Over the last decade there has been an increased interest in saving energy. This has 
promoted the growth of daylight technology in the field of sustainable architecture. 
Furthermore, several studies have proved that natural light increases human 
performance and comfort in interior spaces. [2]  
The use of daylight is a good strategy to reduce the use of artificial illumination and 
to make a space more appropriate, but it also has its design differences. Because of 
the variability of sunlight, daylighting science attempts to provide daylight and at the 
same time to control direct sunlight, glare problems, and heat-gain. [3] Such 
requirements will vary depending on the location of the building, its function and 
occupancy periods, and its configuration and dimensions.  
Daylight can provide a dynamic contribution to the human experience in buildings 
and, as proved in recent studies on offices, schools and retail sales environments, can 
impact human performance. Successful daylighting design can reduce electricity 
consumption and can result in energy savings in offices during daytime when 
daylight is available. [4] 
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Traditional vertical windows can provide sufficient daylight in front of a window 
but, since daylight levels decrease with distance from a window, a disproportionate 
amount of solar radiation must be introduced into the front of the room to achieve 
small increases in daylight at the back. While this will contribute to energy savings 
by balancing the electric lighting, the requirements related to cooling loads increase 
due to the solar heat gain. Thus these savings can be invalidated. Atria, skylights and 
roof monitors may light areas remote from vertical windows but they are used in 
lighting deep core areas. A number of systems exist to redirect daylight into areas of 
buildings that cannot be illuminated by glazing. One major generic group known as 
‘beam daylighting’ redirects sunlight by adding reflective or refracting elements to 
the windows. The other second major group of redirecting devices known as tubular 
daylight guidance systems is known as Light Pipes or Sun Tubes. 
International Energy Agency indicates that in order to obtain energy savings from 
daylighting, it is necessary to use lighting zones and photoelectric controls. [5] 
Besides these necessities, there are some approaches, known as design tools, which 
characterises daylighting design process. These tools might help the designer to 
achieve realistic results on predicting daylight performance of a reference room or a 
light pipe. The results are affected by the physical properties of reference room, 
characteristics and complexity of light pipe, location of building and position of 
furniture. 
Nowadays, 3 different design tools are used to calculate either artificial lighting or 
daylighting in buildings: 
1. Simple Design Tools offer hints about key design parameters but cannot be used 
to evaluate a strategy in detail or to model advanced systems. They are most 
appropriate for early design phases and are best suited for basic design problems. 
2. Computer-Based Tools allow simulating an advanced daylighting system, a 
building or a reference room using their computer based interface and to predict 
daylighting analysis with the building energy simulation. It speeds the design 
process up and provides a large variety of output (images, visual comfort 
calculations, etc.). 
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3. Physical Models are the tool which portray the distribution of daylight within the 
model room almost as exactly as in a full-size room when they are properly 
constructed. Even installing a complex advanced daylighting system such as a 
light pipe, it allows measuring detailed values and concluding whole lighting 
analysis process.     
Advanced daylighting systems and techniques have been studying to control daylight 
intensity and to efficiently distribute it in the interior space. Particularly, for side-lit 
multi-story buildings with deep plans, one approach to capture daylight and 
efficiently channel it towards the core is the light pipe. For the visual satisfaction of 
occupants, it aims to provide light to the deepest part of the room to combine with 
side lighting and tries to obtain a more uniform illumination across the space, 
without glare problems. Due to the variations of daylight according to location, 
season, and cloudiness, it is necessary to integrate daylight with artificial light in 
order to accommodate lighting requirements. [5]  
However, simulating some advanced complex systems such as light pipes using a 
computer-based tool is limited mainly because the known tools have still not enough 
to solve the complexity of sophisticated daylighting systems. Vertical configurations 
are abundant, but their use is limited to single-story buildings and the need for 
expensive technology to concentrate the sun beam. Horizontal configurations have 
been studied for east-west façades or overcast conditions, and in some cases, the 
technology used is complicated because it involves moveable parts. 
The purpose of this research is to examine the integration of light pipe systems into 
the office buildings and the investigation of the evaluation methods of light pipes in 
order to reach some results on energy savings and visual comfort. The study covers 
also information on non-commercial software products which was developed for 
evaluating such type of systems. Eventually, using the software developed by 
National Resources of Canada called Skyvision, an installed light pipe system in a 
basic office room without windows on the facades, was simulated. After, 2 skylight 
models in different positions were designed and simulated in the same conditions. In 
conclusion, 3 different design alternatives were compared each other. 
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2. LIGHT TRANSPORTING SYSTEMS AS ADVANCED DAYLIGHTING 
STRATEGY 
There have been types of daylighting systems integrating into Office Buildings in 
recent years. Due to the aim of this thesis is focusing the systems which are 
transporting daylight from one space to another space, light transporting systems 
will be evaluated in this chapter. Therefore, the chapter contains classification and 
evaluation preferences of light transporting systems that have been built today.  
2.1. Introduction and Classification  
Daylighting Systems are being formed of devices that work as incorporated into 
windows or other openings. They are designed to adapt the intensity and distribution 
of daylight in a space to meet the task requirements without glare. Daylighting 
systems work together with electric lighting strategies, including switching or 
dimming artificial light in response to daylight levels with the purpose of 
minimizing building energy impact and energy usage. [6]  
These systems are called advanced or innovative because most of them refer to new 
technology in the market or materials and products are still under research.  
Daylighting consists of two different components, the diffuse skylight and the direct 
light from sun that often has to be rejected. There are kinds of daylighting systems 
and they can be categorized by many characteristics. One of the classifications could 
be related to their shading device compatibility. It is specified in “A Report of IEA 
SHC Task 21, A Source Book on Daylighting Systems and Components”; the 
systems can be separated into two main groups:  
I. Daylighting systems with shading included: 
a. Systems which rely primarily on diffuse skylight and reject sunlight. 
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b. Systems that primarily use direct sunlight, sending it onto the ceiling or to 
locations above eye height. 
II. Daylighting systems without shading included:  
a. Diffuse light-guiding systems. (light shelves, anidolic integrated systems, fish 
system, zenith light guiding elements) 
b. Direct light-guiding systems. ( laser cut panels, prismatic panels, sun directing 
glass) 
c. Light-scattering or diffusing systems. 
d. Light transport systems. (Heliostats, light pipes, fibre optics) [5] 
The other classification could be constituted according their geometric characteristics 
of daylighting systems which separates them into three categories: 
I. Reflectors and light-shelves:  
These systems refer to reflectors located in the interior or exterior of an opening with 
its same dimensions.  
II.  Integrated window elements:  
These systems refer to small optical elements assembled in a repetitive and planar 
arrangement parallel to the interior side of a window or integrated in a multiple 
glazing unit, between two glass panes. Examples within this category are prismatic 
elements, transparent insulating materials; miniature mirrored louvers, laser-cut 
panels, and holographic optical materials. 
III.  Daylight Guidance Systems (Light Transport Systems): 
These are the systems that transfer natural light into core zones of a building. Such 
as light pipes, light guide ceilings and optical fibres.  
Currently, most of the systems used in buildings provide directional control over 
incident light but are limited in managing the correct balance and contrast, nor do 
they allow sufficient illumination in core areas. [7] There are new technologies 
which are still under development that could accomplish these issues, but they need 
further exploration in order to have a final integration with the building marketplace. 
Fundamentally, to select a system, following issues should be considered by 
designers: 
1. The function of the window 
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2. The function of the system 
3. The interplay of the system with other systems. [5] 
2.2. Daylight Guidance Systems 
There are several possible ways of bringing daylight into use as lighting in buildings. 
The most basic solution would be a simple window. The most sophisticated solutions 
thought of today are a variety of systems with moving solar collectors. Light 
transporting Systems transmit the sunlight from the collector to the emitter by using a 
transmission medium. In this way, sunlight can be transferred and distributed into 
deep interior spaces. Light Transporting Systems can be categorized into three 
systems: 
1. Light Guide Ceilings 
2. Optical Fibre Systems (Himawari, Hybrid Lighting, Solux) 
3.  Heliostats and Tubular Light Guides (Light Pipes) 
2.2.1. Light Guide Ceilings 
The system is made up of three units, Receiver, Focusing Device, and Duct/Diffuser 
The Receiver is positioned outside: it collects and conveys daylight in its two 
components, direct and spill. 
Focusing Device is an element connecting the capturing unit to the transporting one, 
whose function is that of focusing and redirecting daylight within the transport unit; 
Duct/diffuser is positioned inside the room you want to illuminate, allows for the 
transport, emission and control of the transported flux. It is lined on the inside with 
reflecting material and is made up of several elements distinguished by their strong 
modular nature;  
The system shall not only be able to transport daylight but also to control it and 
direct it inside rooms where sunlight is usually eliminated. Because it causes glare; it 
shall be a flexible system, both in terms of the use of technologies and in terms of 
 - 7 -
the integration between daylight and artificial light; as well as in terms of the size of 
the diffusers that can easily be adapted to different functions. [8] 
The system provides the following opportunities: 
• A deep transport of light with adequate levels of illumination uniformity, thanks 
to concentrated light, especially if these systems are adopted in sunny places. By 
using proper devices, it would be possible to save energy and provide visual 
comfort. 
• An improvement in the illumination uniformity in the interior places, because by 
screening the font areas of the interior places to limit the direct radiation, light is 
driven deeply reducing the interior spaces. 
• A control of direct irradiation without for that matter screening the windows and 
obstructing a view of the outside. A prototype is shown below in the Figure 2.1. 
 
Figure 2.1: Prototype of the transport and diffuser unit installed at Racanati. [8] 
2.2.2. Optical Fibre Systems 
These systems follow the sun’s path and collect direct sunlight, which is transmitted 
to luminaries by optical fibres. Hybrid Lighting, Japanese Himawari and Solux 
systems are called optical fibre systems. 
Himawari 
This is a daylighting system based on concentrating Fresnel lenses and glass optical 
fibres. It was developed in Japan in the late 70’s by Professor Kei Mori and it was 
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named after the Japanese word for sunflower. The first version, “Mono-lens 
Himawari” was built in 1979 first time. [9]   
Himawari collects sunlight, separates out most of the ultraviolet and infrared 
wavelengths, and transmits this value added sunlight wherever it's needed. The 
Himawari, which is totally self-powered by a solar cell, tracks the sun using a sensor 
and algorithmic software. As the system tracks the sun, the ultraviolet, visible, and 
infrared wavelengths enter a honeycomb of Fresnel lenses. 
Himawari System is composed of three parts: 
A Collector, to track and collect sunlight is covered with an acrylic dome. When the 
sunlight passes through a convex lens, there occurs the chromatic aberration causing 
different wavelengths of sunlight - UV, visible and IR - to focus at different distances 
from the lens. The visible rays are collected and transmitted from the input-end of an 
optical fibre positioned at their focus .Thus the ultraviolet and infrared rays are 
eliminated. Figure 2.2 indicates a Himawari collector. [9]  
 
Figure 2.2: The sunlight collector. [9] 
Optical Fibre Cables are made of large diameter quartz glass fibres, especially 
manufactured for sunlight transmission. It carries the visible rays of sunlight at little 
attenuation. Each Fresnel lens focuses the sunlight onto the end of a glass fibre with 
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a diameter of 1 mm. Six fibres are connected into one fibre optic cable. Thus the 
smallest available version of the Himawari system has six lenses in the sun collector 
as seen in the Figure 2.3. All larger ones have a number of lenses dividable by six. 
The fact that lenses concentrate the light is utilized to filter out some of the infrared 
and ultraviolet parts of the sunlight. This is possible because of the chromatic 
aberration that causes light with different wavelengths to focalise at different 
distance from the lens. The fibre ends are placed in the focus for the visible 
wavelengths where the infrared and ultraviolet light rays are less dense. [9] 
 
 
Figure 2.3: The lenses in collector and input-output ends. [9] 
Cable terminal and lighting appliances complete the third part of the system. 
Lighting appliances are attached to the end of optic cable terminal. Some ordinary 
down lights and a spotlight can be fitted at the end of an optical fibre. They work as a 
diffuser. Different light effects can be obtained using different appliances. 
Himawari is equipped with an internal clock mechanism, a sun-sensor and a 
microprocessor to calculate the position of the sun and adjusts its own angle. In a 
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fine weather, the exact location of the sun is ascertained by the sensor. When the sun 
is hidden behind clouds, it switches to its internal clock mechanism. So, Himewari 
can collect the sunlight responding quickly to the changes of clear or cloudy weather. 
After sunset, it shuts off and positions itself for the next sunrise. [9] 
Hybrid Lighting 
This is a US partnership research project. It aims to provide annual energy savings of 
over 30 billion kWh and economic benefits exceeding five billion USD by the year 
2020. The concept is a parabolic sun collector providing both sunlight, transmitted 
with optical fibers, and electricity generated by photovoltaic cells. [10] 
 
Figure 2.4: An overview of the Hybrid Lighting system with collector, light guides 
and luminaries. [11] 
Hybrid lighting sun collector is a 2-axis sun tracking collector which is designed as a 
parabolic mirror that reflects direct non-diffuse sun light onto a secondary optical 
element (SOE). It is placed in focus of the parabola. The cold mirror SOE separates 
the visible portion of the solar spectra from the near infrared spectra. After reflecting 
the visible portion of the sunlight to large-core optical fibres, the infrared rays are 
transmitted through the cold mirror and they are utilized by a photovoltaic cell to 
generate electricity. [11] 
The Secondary Optical Element is divided into eight sections and it reflects the light 
directly to eight fibre ends. The fibres are placed in a circle diameter at the centre of 
the dish in 54 mm. They are made of large-core plastic with a diameter of 18 mm. 
Figure 2.4 shows that 8 fibres placed in the middle of the collector. The figure also 
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indicates other components of the system. The number of fibres used and their size is 
dictated by the size of the primary mirror. [11] 
This dual system will have a control system that ensures that the illumination 
remains constant even if the sun is temporarily hidden behind clouds. The control 
system employs ballast dimmers that adjust the electrical light according to how 
much natural light is available. In this way electrical energy is saved. It will also be 
possible to dim both the natural and electrical light based on preference and to switch 
it on and off. [12] 
Solux 
A German Company Bomin Solar Research (BSR) developed a fresnel lens-based 
daylighting system. Sunlight is transmitted by liquid light guides makes this system 
process different among the other Fibre Optic Systems.  First demonstration system 
with three collectors was installed at the German Museum of Technology in Berlin 
had some leakage problems. 
Roman Jakobiak, Architect at IBUS (Institut für bau, umwelt, und solarforschung), 
have worked and prepared a report on the SOLUX-system. At that occasion it was, 
however, taken out of work due to problems with liquid leaking from the light guides 
and for installation of new software. [12]  
 
Figure 2.5: A SOLUX-collector without the protecting acrylic dome. [12]  
The collector is a sun tracking 2-axis turning unit as seen in the Figure 2.5. The 
plastic Fresnel lens is 1 m in diameter and concentrates the sunlight 10.000 times. A 
filter that the light passes through before it enters the liquid light guide extracts heat. 
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The sun tracking is carried out by a dual system, which is self-learning. It is made up 
of a solar direction sensor and a microprocessor calculating the position of the sun. 
[12] 
The concentrated and filtered sun light from the collector is fed to a liquid light 
guide. This is a flexible pipe, 2 cm in diameter, filled with an optical clear liquid 
made up of several components. [12]  
The light from the liquid light guides is released into diffusing tubes that spreads the 
light in the room. Because of the transmission through the liquid the light is 
somewhat greenish. The tubes at the installation in the Berlin museum, about 5-7 m. 
in length and approximately 20 cm in diameter, hang from the ceiling. Natural light 
from the collectors enters one end and at the other end an electric lamp is used when 
the sunlight is not sufficient. [12] 
2.2.3. Light Pipes 
Natural light transmitted into light pipes is known to have beneficial effects for office 
lighting as compared to fluorescent lighting. This section emphasizes the Light Pipe 
system built in commercial buildings and focuses on its’ operation principle. 
An early work on light transport described a hollow light tube developed in 1978 and 
constructed from a prismatic polymer material that combined the high reflection 
efficiency of total internal reflection with the low cost and practicality of a hollow 
system. [13] This device was intended both for electric and daylight transport, but 
only accepted light from a cone of 27.6°, preventing day-long passive solar 
collection for daylighting. It had the advantage over reflective hollow guides that any 
light lost was emitted along the length of the system and so could still be used for 
illumination. [14] 
2.2.3.1. Classification of Light Pipes 
Light pipe is a tube that transmits light beam through dark spaces. They can be made 
in different forms and shapes. The light strikes on the reflective inner surface of the 
pipes. Either light is transmitted or diffused to the long distances. The classification 
of Light Pipes could be composed according their shape or their position where 
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installed. Light Pipes can be installed in vertical or horizontal position.  
Vertical Light Pipes  
Vertical Light Pipes deliver natural light to a room where a traditional skylight or 
vertical glazing is impractical. They exist of three components: 
• A small, clear acrylic dome located on the roof, which allows sunlight to enter 
inside the tube or a heliostat element which concentrate the sun beam and transmit 
directly to the second mirror. 
• An adjustable cylindrical aluminium shaft that has been treated with a highly 
reflective coating which is called well. 
• A translucent diffuser lens located on the interior ceiling which spreads light 
throughout the room 
 
Figure 2.6: Vertical section of end-lighting light pipe  
Dome is typically installed between rafters and joists on the roof, and adjustable 
aluminium tube extends from the roof to ceiling of the interior as seen in the Figure 
2.6. Tubular skylights minimize heat gain and loss; the aluminium tube radiates any 
collected exterior heat into the attic, and the sealed shaft allows very little interior 
heat to escape. Almost all of the UV rays are absorbed by the dome, shaft, and 
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diffuser materials except little UV is transmitted into the room. [15] 
Ten years ago, a lighting system called Heliobus was designed and installed in the 
four storey building of Boppartshof School in St. Gallen (Switzerland). The system 
comprises a novel stationary heliostat located on the roof, and a vertical prismatic 
light guide permeating all floors and illuminating recreation halls in the centre of the 
building. [16] 
The light guide is in square section and utilizes novel three-dimensional extractors 
providing the proper light ejection. Special metal-halide lamps (switched on 
individually or simultaneously) provide artificial light for the light guide at nights, on 
sunless days or in twilight. [16] 
It is a four-story building in square type plan. There are recreation halls at the centre 
of each floor where the doors from classes and teachers’ cabinets are and where 
children have a rest during time breaks. To input solar radiation, a vertical light shaft 
(with transversal dimensions of 1.25 x 1.25 m2) and a sky-light were installed at the 
centre of recreation hall. Each hall in dimensions of 5 x 5 m2 was illuminated by 8 
ceiling-mounted luminaries with diffusers and 75 W incandescent lamps. [16]  
Prof. Dr. J. B. Aizenberg states that “Daylighting was poor in sunny days, 
illumination level was around 2-10 lux at lower floors and the basement. In addition, 
artificial light was insufficient. Therefore, it was necessary to improve lighting 
conditions, to use solar light at the most extent, to reduce power consumption, to 
raise lighting comfort.” [16] 
Heliobus was designed and installed to solve lighting problem with following 
components; 
A heliostat, the concave mirror, fixed steadily at the roof which serves as a collector 
of solar radiation, and a hollow light guide placed vertically at the shaft which serves 
as a light-transporting and distributing element as seen in the Figure 2.7. An 
intermediate element stays directly above the input end of a light guide. Three 
Philips® 400W mirror metal halide lamps were placed into the tube and positioned 
vertically with their caps directed upward. 
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Figure 2.7: Heliostat as a diffuser and Squared Light Pipe as a light guide [16] 
 
Figure 2.8: The vertical crossection of Heliobus. [16] 
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The vertical hollow light guide with a height of approximately 10 m and square cross 
section (0.625 x 0.625 m2 ), which occupies a quarter of light shaft cross section, has 
an envelope from a transparent material, 10 mm thick sheet PMMA, that protects it 
from possible external damages. From inside the walls of a light guide are covered 
by OLF (3M Optical Light Film) prismatic film that carries out a transporting 
function. The light striking the film from specific directions undergoes the total 
internal reflection and extends along a light guide practically not coming out. [16] 
The operating principle of the system is as follows: Solar light rays are captured by 
heliostat working as a concentrator and collector (1) and transmitted directly an 
intermediate device (2). The light beam follows vertical hollow light guide (5), in 
case of the lack of daylighting a luminous flux of electric light sources (3) is directed 
here by an optical system located in an intermediate device, as well. When the rays 
strike an extractor, they are diffused and reflected back to light guide walls as seen in 
the Figure 2.8. 
Prof. Dr. J. B. Aizenberg signified “We must say that the system makes an unusual 
impression. The light floods uniformly though its source is invisible. The HLG 
reflected all situations in sky: cloudy motion, different brightness, changing of the 
spectral composition of radiation. In some cases a rainbow can be seen on a light 
guide surface. This gives the installation a rather lively and at the same time 
mysterious appearance changing in time with variations of sky conditions.” [16]  
Horizontal Light Pipes  
Horizontal light pipes, designed for sunny and partly sunny skies, are a promising 
solution for supplementing daylight in deep-plan buildings. One of the most 
important advantages is that they can fit into ceiling plenums, making them 
appropriate for their integration into existing buildings. For better performance, 
horizontal light pipes need to be optimized for different latitudes and orientations.   
A study conducted by the Berlin Technical University evaluates light pipes for 
intermediate latitudes with predominantly clear skies throughout the year. This 
system successfully captures and redirects sunlight. The mechanism was installed at 
a place oriented to South and 2 mirrors and a lens concentrator constitute the 
Heliostat System.  First, 4m2 mirror reflects the sunlight through 2’nd fixed mirror 
 - 17 - 
based on geographical coordinates and time and thanks to a micro computer which 
controls the mechanism as seen in the Figure 2.9. The duty of other 2’nd mirror, 
which has many fixed components free from each other, is collecting of sun light on 
the 0.9 m. radius lens concentrator and the lens concentrator focuses the light through 
light pipes. [17]  
 
Figure 2.9: The light pipe mechanism installed in Berlin Technical University. [17] 
Sunlight is transported to indoor places with light guides which have optical light 
film inside and transparent pipes. The scatter was placed inside upper part of the pipe 
for diffusing of light to outside. 
Another study, Garcia Hansen and Edmonds develops a solution for a commissioned 
high-rise building in Kuala Lumpur (latitude: 3°7’ N). The orientation of the 
horizontal light pipes is towards the west. This research makes use of mirrored light 
pipes coupled with laser-cut light-deflecting panels as sunlight collectors and 
diffusers. The principal drawback of this study is the use of Laser Cut Panels as 
collectors. Although it is a good means for deflecting and redirecting the light 
towards the interior, it does not maintain the intensity of the light flux as it is 
received. Therefore, it gives illuminance values in the range of 200-300 lux in the 
afternoon, acceptable for ambient light (which was required by the client), but not for 
task light. It also proposes further improvement in the light output devices for a more 
uniform light distribution. [18]  
2.2.3.2. Specification of a Light Pipe System 
Three basic elements can be pointed out in every system of solar lighting: light-
collecting, light-transporting, and light-distributing. In several cases, for instance, 
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when using hollow light guides, a single device provides both light-transporting and 
distributing functions. Apart from the basic elements, there are some additional units, 
e.g. an inputting element which puts a captured luminous flux into a channel of 
transporting element. 
Light Pipes are produced in 4 different shapes as seen in the Figure 2.10: 
• Slit light pipes 
• Prismatic light pipes 
• Rectangular light pipes 
• Cylindrical light pipes 
 
Figure 2.10: 1. Light source 2, 4. Reflector mirror, 3. Glass, 5. Hollow light guide 6.  
Mirror light film layer, 7. Reflector, 8. Scatter 9. Optical film layer. 
Light pipe system has mainly three parts, namely a clear dome or a heliostat works as 
a collector, one or several connected tubes and possibly incorporating bends and a 
diffuser.  
The clear dome, usually mounted on the outside of the roof gathers sky light and 
sunlight. Produced from clear polycarbonate material, the dome is designed to 
remove undesirable UV light and can seal the light-pipe against the ingress of dust, 
rain and snow. The dome meets fire resistance requirements and due to its shape is 
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self-cleaning. 
Collecting the light 
Daylight gathered by the dome at roof level is then transmitted downwards via the 
mirrored tubes and reaches the third part of light-pipe system, the diffuser. However, 
some applications don’t allow building an acrylic dome or an element which works 
as a collector on the roof. This situation gives an opportunity to install heliostats to 
transmit the daylight directly inside of the tube or to a second mirror.   
“A Heliostat is a device that tracks the movement of the sun. It is typically used to 
orient a mirror, throughout the day, to reflect sunlight in a consistent direction”. [19] 
In light transporting applications, heliostat reflects the sunlight to another reflector or 
lens concentrator. Figure 2.11 is an example to a large size heliostat. The movable 
mirror is mounted equatorially. Mostly they are used with light pipes. 
Heliostats are expensive and require careful maintenance. For maximum daylight 
availability, they are placed on rooftops from where the light is directed into a 
vertical shaft and then spread as a network at different levels. For that reason, these 
systems need adequate upright spaces exclusively designed for their placement. 
Otherwise, it could be difficult to fit these long vertical elements into an existing 
structure and to integrate them into the architectural design, as in case of retrofitted 
buildings. [20] 
 
Figure 2.11: Heliostat 
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Heliostats can be composed with more than one reflectors and a lens concentrator. 
After transmitted with light pipes, sunlight diffuses through the spaces with an exit 
unit. The places, where natural light can not reach, can be illuminated using this 
mechanism.   
The main function of heliostats is reflecting direct sunlight to other mirror(s) and 
finally, transmitting it to the lens concentrator. After that, a lens concentrator 
transmitted the rays through the light guides and the light guides transport the natural 
light to the spaces. Although, an artificial and environmental protected light source 
like sulphurous lamp can be attached to the system and provide light reinforcement 
when insufficient lighting conditions. 
Transmitting the light 
Hollow light guides are tubes with reflective inner surface where the light propagates 
through the guide by internal reflections. The first generation of hollow light guides 
was called slit light guides primarily used in the former Soviet Union in the seventies 
and eighties. These systems were made from metallic pipes with a-longitudinal slit. 
The light was specular (resembling a mirror) reflected at the pipe's inner wall; and 
emitted continuously through the slit. A serious disadvantage of such systems is the 
relatively low reflectance of meta1lic surfaces that rapidly attenuates the light as it 
propagates through the tube. A second generation and today most promising type of 
hollow light guides are called prismatic light guide, which is based on total internal 
reflection without any absorption in the reflection process, theoretically. [21] 
 
Figure 2.12: The section of a prismatic light pipe. 1. Clear acrylic tube; 2. Scatter;  
3. Reflector; 4. Optical Light Film. [21] 
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The prismatic part of light-pipe system consists of one or several connected light-
reflecting tubes. The internal surface of the light-reflecting tube is coated with a 
highly reflective mirror finish material. (Typically with a reflectance in excess of 
0.95) that helps to achieve a high transmittance. Figure 2.12 shows the cross-section 
of a side-emitting light pipe. The light-reflecting tube is adaptable to incorporate any 
bends around structural building. Daylight gathered by the dome at roof level is then 
transmitted downwards via the mirrored tubes and reaches the third part of light-pipe 
system, the diffuser. [21] 
A pipe needs a material to reflect and diffuse sunbeam inside the tube. Therefore, a 
hollow light guide could, in principle, be constructed of any material with a highly 
reflective surface. However, a smooth inner surface makes it hard to control the light. 
If micro prismatic films are used, higher reflectance efficiencies are achieved, and 
the different optical qualities and reflectance angles of various films can be 
combined, so the light can be both transported along the tube and redirected. Many 
of the acrylic films have additional qualities, such as allowing light that hits them at 
certain angles to pass through, while light from other angles is reflected. [22]  
 
Figure 2.13: The microstructure of optical light film [17]. 
Optical light film (OLF) was patented in 1981. It solves the problem of light piping 
by minimizing absorption and backscatter. [23] Very little light is absorbed by the 
pipe because light travels primarily in the airspace within the guide. Backscatter is 
negligible because there are no optical structures perpendiculars to the guide axis. 
[24] 
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Transparent film with a smooth surface at the one side and longitudinal micro prisms 
at the other, the cross-section of a prism forms a right-angle edge of height 0,18mm. 
A light ray that strikes: the smooth side of the film will undergo total internal 
reflection in the micro prisms if the incident angle between the ray and an axis along 
the prisms is less than 27°. Theoretically, total internal reflection is reflection without 
loss of energy, i.e. reflection with reflectance 1,0. Practically the reflectance of the 
optical lighting film is approximately 0,99, compared to for instance high qua1ity 
specular aluminium with a reflectance of about 0,90. A prismatic hollow light guide 
is a pipe made from optical lighting film formed to a tube.  When light is sent 
through the open end of the tube with an incident angle less than 27° with the axis, it 
will undergo total internal reflection. Figure 2.13 and 14 indicate the microstructure 
of the film and light bounces between inner surfaces in the pipe.[25]  
The improvement in reflectance from 0, 90 for specular metallic light guides to 0, 99 
for prismatic light guides is of fundamental importance. A light ray with an incident 
angle of 200 propagating through a hollow light guide of diameter 0,3 and length 10 
with inner surface reflectance of 0,90, will at the end of the guide have a remaining 
energy of 28%. If the reflectance is increased to 0, 99, the remaining energy will be 
89%. [24] 
 
Figure 2.14: The light bounces between the inner walls of the tube, causing it to 
move onwards. [21] 
Up close, one surface of the film looks like an infinite series of parallel mountain 
ranges and valleys. The height of the "peaks" is about 0.5 mm. The other surface is 
smooth. If the artificial light hits the film within at angle of 27.6° or less, almost all 
light is reflected. Light from other angles will pass through the film. [22] 
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Distributing the Light 
Diffusers are available in clear stippled finish for maximum light output or opal 
finish for a softer light. It is possible to attach a diffuser or leave the pipe end empty. 
The diffuser takes its’ form from a white polycarbonate, translucent flat or opal dome 
diffuser installed on the ceiling in the room. The convex shape of the dome allows 
the light to be evenly diffused into the space below. Recently, new types of diffuser 
have been made available including a crystal effect surface finish with either flat or 
recessed ends. These diffusers are used to improve the daylight performance of light 
pipes even further. [26] 
Main features of fixed devices should be: 
• To collect and transport the entire visible sun electromagnetic spectrum 
(wavelength -430-690 nm.-), possibly without shifts, by means of multiple 
reflections. 
• To be very sensitive at low (diffuse) and high (direct) level from sky illuminance, 
to show time, whether, climatic variation that happen outside at inhabitants living 
inside. 
• Conveyor must be, preferentially, “cold mirror”, in order to reduce heat exchange 
among outside and inside and its surfaces must not reflect IR spectrum. [26] 
 
Figure 2.15: Comparison between external and internal illuminance according to 
different diffusers. [26] 
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Figure 2.16: Different diffuser types [26] 
A clear UV stabilized polycarbonate top dome seals the light pipe against the dust 
and a clear stipple finish polycarbonate dome at ceiling level evenly diffuses light 
into the room or space below as seen in the Figure 2.16. The Light pipe system is 
highly effective in both sunny and overcast conditions and even when it is raining. 
Figure 2.15 indicates a comparison chart between different types of diffusers. [26] 
 
Figure 2.17: Diffuser illumination arcs. [26] 
Figure 2.17 indicates the diffuser illumination arcs of a prototype by Sunpipe® 
 - 25 - 
Company. It seems the light is diffused wider while the diffuser gets its’ shape 
hemispheric. [27] 
2.2.3.3. Integration of Light with Artificial Light Sources 
The light pipes are not only used in daylighting but also used in artificial lighting 
applications. Besides, light pipes can be integrated with artificial light sources. In this 
way, the occupants benefit from daylight in the room and then switch the artificial 
lighting on and the pipe works as an artificial light source. Another option might be 
integrating occupancy sensors onto the connection point of pipe and ceiling and the 
artificial lighting starts working automatically. 
The system built in Yusuf Ziya Pasha Mansion in Istanbul, 2006 is one of these types 
of applications. Yusuf Ziya Pasha Mansion is a historical monument in Rumeli 
Hisarı, İstanbul, Turkey. Built in 1811, the red brick mansion with stained glass 
windows is located considerably close to the Fatih Sultan Mehmet Bridge. The 
mansion was first built in to accommodate Ottoman Grand Vizier Yusuf Ziya Paşa, 
at the time a respected member of the Turkish military, and his family while they 
were working in Istanbul. [28]  
The mansion was rented by the famous holding company, Borusan® and serves as 
Borusan® Headquarter Office. A light pipe application which transmits the natural 
light and also works as an artificial lighting element was installed by a Swiss 
company, Heliobus as seen in the Figure 2.19. The system works as passive natural 
light pipe in daytime and works as an artificial light source in the night. A heliostat 
tracks the sun transmits the light beam to 2’nd mirror, and 2’nd mirror transmits the 
light directly into the pipe. The pipe continues from 6’th floor (1’st terrace) to the 
2’nd floor at full length. 8 Metal Halide Lamps, each 70W, produced by Osram® 
were placed into the pipe at ground level. The artificial lighting and the heliostats are 
controlled from the panel at basement in Figure 2.18.  
The light pipes are used in artificial lighting mostly in road lighting and tunnel 
lighting. In addition to its’ flexibility, they are used as decorative elements as well. 
Integrating the LED’s or coloured lamps inside the pipe, different light effects can be 
achieved. 
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Figure 2.18: Left, the control panel; Right, different colour effects in the night. 
 
Figure 2.19: Light pipes, used for both natural and artificial lighting 
In this case, the light source (or sources) should behave like the sun. This step is 
performed by a structure called the light injector. Generally, the light source is a 
small electric lamp and the main optical component is a reflector that partially 
collimates the light and directs it toward the input of the light guide. The challenge 
here is minimize absorption by using high reflectivity material and minimizing the 
number of reflections. Besides, it is important to design the structure so that the heat 
from the lamp does not overheat the end of the light guide. [29] 
Another type of applications in which was integrated with artificial light sources is 
road lighting applications. The illumination of a Callahan Tunnel in Canada was built 
with a prism light guide system. The light pipes were placed upper left and right 
corners on ceiling of the tunnel, it is in 1.58 km length from end to end. The tunnel 
connects downtown Boston to Logan Airport. The designers of this project offered 
such type of hollow light guide system considering dirty environments need highly 
uniform low maintenance linear source and the light pipes were very suitable for that 
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application. 
The system consists primarily of 2 rows of 150mm diameter circular cross section 
prism light pipes, with a reflective cover having a 140° light emitting opening facing 
the roadway as seen in the Figure 2.20. The light injectors use 250W metal halide 
lamps in double ended reflectors which illuminates two 4,9m. lengths of prism light 
guide. [30] 
 
Figure 2.20: Illumination of Callahan Tunnel with prism light guide in Canada. [30] 
After installing the system, the luminous intensity distributions were measured and a 
conventional photometric information was prepared. Finally, illumination of 
Callahan Tunnel was compared with another 3 similar projects around the world in 
terms of artificial lighting. 
In conclusion, the authors figured out that this product of uniformity and efficiency 
doesn’t represent a physical quantity – rather it was a performance measure that 
captures an important trade-off in design of hollow light guide illumination systems: 
It is easy to achieve high level of surface luminance uniformity at the cost of low 
efficiency, and it is also easy to achieve high efficiency at the cost of poor 
uniformity. However, it is both difficult and desirable to simultaneously achieve 
good efficiency and good uniformity. This trade-off between uniformity and 
efficiency is much deeper problem for light guides than is the case for conventional 
illumination methods and the committee therefore felt it appropriate to describe this 
challenge by means of figure of merit. [30] 
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3. ARCHITECTURAL DESIGN PRINCIPLES OF LIGHT PIPES IN OFFICE 
BUILDINGS 
This section examines some of the implications of integrating daylight guidance 
systems within new and existing buildings. 
3.1. General Principles of Office Lighting 
Interior and architectural design parameters effecting lighting strategies in offices 
should be considered together. There are two conditions related to the strategies in 
office buildings. Esthetical rules which belong to user and the rules independent from 
user. The esthetical rules are personal choices. The independent rules are based on 
particular conclusions. It exists from various inventions. Some research and 
experimental methods are used, measurements are taken and it becomes design 
parameters. [31] 
Some daylighting design guidelines enable to make design process easier. According 
to the IESNA Lighting Handbook, published in 2000, the evolution of a particular 
design involves the following steps:  
1) The balance between luminance and illuminance levels for better visual comfort 
and light quality should be revised;  
2) Daylighting openings and shading devices according to the necessity of direct or 
diffuse daylight in the space should be designed;  
3) Any glare problems should be controlled;  
4) Daylight and electric light integration should be reviewed. [32]  
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In addition to the IESNA Handbook, The Charted Institution of Building Services 
Engineers lighting guide (CIBSE) gives additional information about the 
relationships between windows, room and lighting in an office room. [32] 
3.1.1. Illumination 
Visual working lighting has been arranged for various working types according to 
illumination level category from “Class D” to “Class I”. As Class D refers to the 
working spaces having high contrast or large area, Class E refers to the places having 
middle contrast small scale areas. [33] 
As Class D includes reading process of a print out, hand writing or a newspaper 
article in 8-10 type size, Class E includes the photocopy taken from third copy, the 
second copy from a carbon paper. Illumination level of Class D is 200-300lux and 
Class E is 500-750-1000lux. According to the classification, obviously, Class D is 
proper for the process related to paper and Class E is more suitable for activities that 
take 3 hours in a day. [32] 
The departments in the offices such as secretary or other circulation areas need 
lighting permanently. 200 lux illumination level of Class D will be suitable under the 
circumstances. In visual environment, some office processes need to be seen such as 
service and reservation requests. [32] 
In case the general illumination is coordinated with average luminance of VDT 
screen, required luminance around VDT would have been provided. Luminance ratio 
is defined as the illumination level right near to visual working space should have 
three times higher luminance than illuminance level in the working space. These 
limits were remarked preventing the adaptation of eyes to the luminosities. [33] 
Required illuminance levels between VDT Average Screen Luminance and 
neighbour surfaces in order to provide the correct horizontal luminance, are shown in 
the Figure 3.1. 300-500 lux illuminance levels show adequate neighbour luminance 
level except the lowest corner of VDT screen luminance. Thus, this theory manifests 
the VDT’s must not be used in 15 cd in a meter square in low average luminosities. 
In addition, Table 3.1 indicates that holding the VDT average screen and neighbour 
luminance ratios as 1-3, there is need to determine the highest illumination level.  
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The limit of 750 lux is adequate except the lowest corner of VDT screen. In special 
cases that interfering to low screen luminance is impossible; the highest level of 
lower level might be applied. [32] 
Illumination levels might be more than 750 lux when the screen luminance is at 
highest level and the environments where reading and writing are hard. In this case, 
general lighting should be supported with local lighting and the general illuminance 
level should not be more than 750 lux limit. [32]  
To limit the reflections coming from VDT screen surfaces, 750 lux limit was put 
forward in general lighting. This type of reflections increase the VDT screen surface 
luminance and reduce the contrast between users and background, decreasing the 
visual performance. [32]    
Required illumination level changes according to type of the work in an office. In 
case the work contains more sensitivity itself, it needs more illumination levels. The 
illumaniton levels for office buildings, determined by CIE (International Comission 
on Illumination) is shown in the Table 3.1. 
Table 3.1: Minimum illumination levels determined by CIE 





Conference Rooms 500 
Large Offices 500 
Computer Labs 500 
Large Project Offices 750 
Drawing Studios 1000 
3.1.2. Luminance 
Vision is needed for light variation for instance; the luminance of black letters on a 
book is ten times less than white paper due to difference of light reflectivity 
coefficients. Similarly, interior spaces can be perceived with the luminance 
difference on a wall crossing the ceiling or a wall crossing another wall (even they 
are in same colour). Therefore, office sections should be balanced between overall 
monotonous luminance and attracting points of luminance. In one side, it is required 
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to provide a luminance change for stimulated working area; on the other side, it is 
important to take precautions for glare to support a good vision. 
There are three different visual effects which are affected from luminance ratios, 
Adaptation, Physiological Glare and Psychological Glare. 
Adaptation is defined as adjustment to environmental conditions as adjustment of 
eyes to the intensity or quality of stimulation. [34] Adaptation takes time to be 
completed. In case clear luminance differences are observed in large areas, visual 
adaptation might occur slower. In addition, the eyes move from a luminance level to 
the other. Adaptation period increases by age. [33]  
The flash lights, coming directly from sources such as windows and lighting 
elements, can be diffused by ocular part in eyes. Scattered rays increase the 
luminance and decrease the contrast on retina, immediately after, they cause to low 
visibility which is called Physiological Glare. [33]  
Disturbing luminance causes pins and needles born of high or diffused brightness in 
vision space which causes Psychological Glare. The level of pins and needles is 
either related to the size, power, luminance and number of light sources or the 
location in vision space and luminance behind these sources. [33]  
Adequate brightness variations are important in an office environment to provide 
good visibility without unwanted reflections. For that reason, knowledge of interior 
finishes as well as location of video display terminals (VDT) is important. 
Reflectances recommended by IESNA can be seen in Figure 3.1 and 3.2 [32] 
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Figure 3.1: Recommended reflectances in the room and furniture surfaces for 
offices. 
 
Figure 3.2: Maximum luminance ratios recommended for a VDT workstation. The 
values joined by lines illustrate the maximum recommended luminance ratios among 
various surfaces. 
The luminance ratios establish the relationships among these reflectances within the 
field of view. To avoid contrasts and possible glare problems, luminance ratios need 
to be equal or below recommended values is shown in Figure 3.2. 
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Perception of luminance is related not only with lighting but also with reflectance 
coefficients of surfaces. Therefore, considering the reflection is an important issue of 
office lighting. Reflectance coefficient is defined as the ratio of the striking light to 
reflected light on a surface. If half light beam is reflected, reflectance coefficient is 
0.5 or 50% in percentage. The reflectance coefficient of a white paper is 80%, and 
the reflectance coefficient of the letters on the paper is 4%.  
In conclusion, the luminance ratio of the letters to the paper will be 1:20. In other 
words, the letters must be illuminated 20 times more than the paper to be able to 
seen in same luminance level. [33] 
3.1.3. Uniformity 
Illuminance of an office space consists of ambient and task lighting. The purpose of 
ambient lighting is to give a uniform light level that allows casual work. In general, 
ambient light is approximately one-third of task lighting, which is about 500-600 lux. 
For offices with partitions, ambient lighting should be higher because the partitions 
reduce the average ambient illumination level by 30%-35% due to their reflectance 
and height. [6] 
Local lighting can be arranged as an alternative option to the general lighting in 
visual works related to the reading and writing. It can be arranged as lower general 
lighting with the local lighting in each working space. When this approach is applied 
accurately, it will stop the luminance on the screen and provide the required 
illuminance level on the white paper. The lighting elements selected for local lighting 
and their locations should not cause reflection on the neighbour screen surfaces. It is 
possible reducing the general lighting level to 200-300 lux according to type of the 
work.  
In particular, illuminance levels will depend on the characteristics of the visual task 
being illuminated, as seen in Table 3.1. Ambient lighting can be achieved by 
daylighting, but task lighting is generally dependent on electric lighting.   
Using less colourful furniture and brighter surfaces, luminance ratios between the 
user and background can be arranged. In addition to this, creating a more 
comfortable environment will be the right solution. [33] 
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3.1.4. Daylighting in Office Buildings 
The occupants and the efficiency of their activities change according to the use of 
light in the spaces. Therefore, the productivity of workers is a primary concern in 
daylighting. Although absolute measurements of improvements in productivity are 
difficult, it is clear that people prefer natural light and associate it with productivity 
and wellbeing in general. [35]  
The literature reviewed about the use of daylight in offices will be useful to check 
whether the results of the advanced daylighting system tested reach the illumination 
requirements for an office space with respect to uniform ambient lighting, task 
lighting, and visual comfort.  
There are several advantages using daylighting in office buildings such as increased 
productivity and decreased absenteeism. It is possible to reduce the electric lighting 
and cooling loads that together represent 30% to 40% of the total energy use in a 
typical commercial building. [36] 
According to the IEA Task 21 Daylight in Buildings guide, the performance of a 
daylighting strategy for office rooms depends on:  
1. Daylight availability on the building envelope which determines the potential to 
daylight a space;  
2. Physical and geometrical properties of window(s), and how windows are used to 
exploit and respond to available daylight; 
3. Physical and geometrical properties of the space. [5] 
Daylighting illuminance in a space is commonly expressed as a percentage of the 
ratio between interior illuminance at a point over the working plane, and exterior 
illuminance measured horizontally under overcast conditions, and is called Daylight 
Factor (DF). Average Daylight Factor considers the average of interior illuminances. 
[32] 
Daylight affects human physiology and psychology. In one hand, it influences the 
visual system and the circadian system that is the sleep/wake cycle and establishes 
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variations in daily hormonal rhythms physiologically; on the other hand, it influences 
the perceptual system, producing changes in mood and social behaviour, 
psychologically. [37] 
People like to work in a daylit environment that is connected to the changes of the 
outside world within the limits of visual and thermal comfort and privacy conditions. 
A statistical study performed by the Heschong-Mahone Group showed that in six out 
of eight cases, workers who had a window with a view  performed better than those 
who had no view. It also found that office workers responded 10% to 25% better in 
memory and mental tests when they had a view outside in comparison to those who 
had no view at all. In addition, the employees with better health conditions were 
coincidentally those with better views in their offices. Moreover, other conditions 
affected the performance of office workers negatively were high cubicle partitions 
and glare from windows, in the same study. [38, 39] 
Several surveys recognized two distinctive factors contributing to office workers’ 
satisfaction with the environment and high productivity. One was the individual 
control over windows. The other was shallow buildings, which permitted cross 
ventilation and natural light, over deep-plan buildings, which depended on 
mechanical systems for ventilation and electric light in core areas. [37] 
3.2. Integration of Light Pipes with Building Design 
The principles of integration of light pipe systems with building design and 
application of light pipe systems to existing buildings are examined in the following 
sections. 
3.2.1. Geographical Location 
The principal influence of geographical location on the design and integration of 
light guidance technology within new and existing buildings is the nature of the local 
micro-climate. [40] 
Daylight availability in temperate latitudes is lower than in equatorial zones, and this 
implies that light guide diameter may usefully increase from south-north in the 
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northern hemisphere. The greater incidence of overcast days also implies a need to 
maximize light from the zenith in northern temperate latitudes, whereas further south 
a greater orientation to the winter sun is desirable. Alternatively, it may be 
considered that, because of low winter ambient light levels catching winter sunshine 
in temperate latitudes is even more valuable. In any event, this implies that roof 
termination design must be carefully considered. The use of either external reflectors 
to direct more low-angle sunlight, or the use of laser cut panels may be appropriate, 
and their configuration will depend on latitude. [40] 
Latitude therefore influences approaches to detailed design, and it is most unlikely 
that one product will be appropriate throughout a particular region. The identification 
of key design variants or options that are suitable for a particular location is the first 
task in assessing applicability. [40] 
3.2.2. Integration with Space Planning 
Plan Depth 
Clearly, buildings that can be adequately daylit from the perimeter are unlikely to 
benefit from light guidance systems. The limit is usually taken as 6m from the 
perimeter for single sided daylighting but this depends on floor to ceiling height. The 
normal rule of thumb is that rooms can be adequately lit from one side up to a depth 
of twice the floor/ceiling height. Core zones of buildings with plan depths greater 
than 12m. will therefore particularly benefit from light guides. [40] 
In addition, isolated spaces (e.g. WCs, meeting rooms, kitchens etc.) detached from 
the perimeter would benefit even in shallow plan buildings. 
Boundaries to Activities & Number of Floors 
In office buildings, the boundaries between activities are usually kept flexible in 
order to allow for change. Such flexibility may also be a requirement in other 
building types. The introduction of vertical shafts penetrating from floor to floor may 
therefore represent a significant constraint. 
Such shafts are more likely to be acceptable if they are aligned with partitions. The 
optimum spacing and diameter of light guides may not be achievable and therefore 
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the starting point should normally be an assessment of what is structurally practical 
and acceptable in planning terms. [40] 
3.2.3 Integration with Environmental Strategy 
Daylight Strategy 
In southern latitudes where during clear days in summer the external illuminance 
may exceed 100,000 lux, solar heat gain must be avoided in summer so the aperture 
area required may be relatively small. Conversely on cloudy days in winter (5-10,000 
lux) the aperture needs to be larger to provide a similar amount of light. Possible 
solutions to accommodating this wide variation may include the use of ‘iris shutters’ 
to vary light ingress and reduce risk of glare. [40] 
Alternatively, the roof termination might be configured to minimise light from the 
zenith, while encouraging more light to enter from lower in the sky. 
Ventilation Strategy 
The ventilation strategy will influence design where ‘passive stack’ ventilation is 
integrated within the light guidance system. The ventilation strategy for a particular 
space is based on the activity and number of people being served, and thus the 
volume flow rate required, acoustic performance, and necessary fire pre-cautions. 
However, a distinction can be made between vent shafts serving single zones or 
multiple zones. [40] 
A single-zone vent strategy is simplest to design for since acoustic and fire 
separation from adjacent zones is achieved by virtue of the dedicated shaft. However, 
in certain buildings this may lead to such a multiplicity of shafts serving different 
levels that upper floor plans become unacceptably occluded. Vent shafts serving 
multiple-zones (usually a number of single volumes on separate floors) can reduce 
the impact on the plan and perform satisfactorily. However, it is likely that such an 
approach would require CFD analysis to develop and refine the design, to provide 
confidence in the strategy. Also, fire dampers are likely to be required, at junctions 
between compartment floors or walls. [40] 
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3.2.4 Building Codes 
General Issues 
There are a few code implications for light collection devices. Heliostats require 
some additional structural work to account for wind and dead loads but these are 
likely to be of the same orders of magnitude as conventional roof mounted 
equipment such as cooling towers. Similarly system emitters were minimally 
influenced by codes. Compliance of backup lighting systems with any maximum 
power density regulations is not a major issue since lamps used are in most cases of 
higher luminous efficiency than conventional sources. Limits on internal surface 
spread of flame will be satisfied since emitter materials are similar to those of 
conventional luminaries. [40] 
The majority of installed systems are passive zenithal in single storey buildings. 
Most codes present few limitations to daylight guidance in penetration of the 
building envelope alone. Indeed the optical efficiency of daylight guidance compared 
with conventional roof lights could have a beneficial effect of limiting unprotected 
roof aperture. Tubular guidance elements must satisfy the requirements for large 
guides in respect of waterproofing at roof level. [40] 
Fire Protection 
Regulations with respect to fire protection are reasonably consistent worldwide, but 
national codes should always be referred to. Each perforation of the compartment 
enclosure, be it a door opening in the floor for a stairway, or a light guide, is a 
potential weakness in the fire design of the building and appropriate precautions need 
to be taken to protect the integrity of the compartment. These are usually expressed 
as code requirements for compartment elements to have degrees of fire resistance 
and to prevent passage of smoke. [40] 
Generally it is the vertical and horizontal transport components of light guidance 
guides that pass through compartment enclosures. Fire protected ducts are the usual 
method of vertical routing of services in multi-storey buildings. These are usually 
present throughout the whole of a building, passing from compartment to 
compartment, and should be fire-stopped whenever they penetrate fire-resisting 
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walls, floors and ceilings. The addition of light guides would necessitate a larger 
shaft, with potential loss of rentable floor area, but would not conflict with other 
services. Even though light guides are generally sealed and unventilated, fire officers 
may consider that they constitute a potential ventilation path in the event of a fire. In 
this case they would have to be treated as a ventilated duct. Transition from the 
vertical transport in the shaft to horizontal transport involves passage of light through 
shaft walls and some means of maintaining fire integrity is necessary. [40] 
Fire protection of light guides and ventilation ductwork is an integral part of 
compartmentation and to ensure that means of escape from the building are not 
prejudiced and three basic approaches can be identified. 
• Protection using fire dampers. The fire is isolated in the compartment of origin by 
the automatic or manual actuation of closures within the system. Fire dampers should 
therefore be sited at the point of penetration of a compartment wall or floor, or at the 
point of penetration of the enclosure of a protected escape route. Fire dampers that 
are designed primarily to stop flames and hot gases passing from one area to another 
through ventilation ductwork are usually controlled by thermally actuated devices. 
Similar devices could be used in light guides, but are not commercially available. 
Choke fire dampers are available which consist of a swollen sleeve around the guide 
at the point of penetration of the compartment. Under fire conditions the sleeve 
material expands and crushes the guide preventing passage of fire. Alternately 
glazing with suitable fire resistance could be installed at compartment boundaries so 
as to effectively form a barrier inside the guide. 
• Protection using fire-resisting enclosures. Where a building services duct is 
provided through which the ventilation ductwork or light guide passes and, if the 
duct is constructed to the highest standard of fire resistance of the structure which it 
penetrates, it forms a compartment known as a protected shaft. This approach would 
allow a light guide, for example, to pass within a ventilation shaft and to traverse a 
number of compartments of a building, without requiring further internal divisions 
along its length. The provision of fire dampers is then required only at points where 
the light guide or ventilation ductwork leaves the confines of the protected shaft. 
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• Protection using fire-resisting cladding. The cladding itself forms a protected 
shaft. The fire resistance may be achieved by the ductwork or guide material itself, or 
through the application of a protective material. Few if any systems of light guide are 
manufactured from materials that have sufficient fire-resistance in an unprotected 
state. No manufacturers currently offer fire resistant cladding for guides as a standard 
item in their product range. 
If an element that is intended to provide fire separation (and therefore has fire 
resistance in terms of integrity and insulation) is to be effective, then every joint, or 
imperfection of fit, or opening to allow services to pass through the element, should 
be adequately protected by sealing or fire stopping so that the fire resistance of the 
element is not impaired. [40] 
If a flue, or duct containing flues or appliance ventilation duct(s), passes through a 
compartment wall or compartment floor, or is built into a compartment wall, each 
wall of the flue or duct should have a fire resistance of at least half that of the wall or 
floor in order to prevent the bypassing of the compartmentation. [40] 
3.2.5 Application to Existing Buildings 
The extent of the potential application of light guides or combined light/vent guides 
within existing buildings will depend on the characteristics of the building stock in 
each country. While significant differences do exist in the type and morphology of 
existing buildings in different countries, analysis of the existing building stock will 
help policy makers as well as designers and manufacturers, in assessing the 
opportunities and constraints on the application of light guidance systems. 
A model of the European non-domestic building stock has been developed 
incorporating a comprehensive description of uses, geometry and construction, and 
how these characteristics are distributed by floor area. In this manufacture and 
storage represents nearly 37% of the total building stock area, generally in the form 
of large single volume sheds or warehouses where light guides may be seen as an 
alternative to conventional roof lights. Superstores, hypermarkets and retail 
warehouses are very large consumers of electrical energy for lighting. [40] 
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Most are permanently electrically lit to high illuminance levels (500 lux or more) and 
heat gain from lighting contributes substantially to the cooling load requiring more 
energy to remove this heat gain. Light guides therefore provide the potential of 
delivering daylight with minimum attendant heat gains, paving the way for 
substantial potential energy savings. Some 33% of the non domestic stock by area is 
made up of offices, educational buildings and retail buildings. ‘Deep plan’ schools 
represent over 22% of the total stock – a significant potential market for the light 
guides. Some areas of the remaining 80% of schools may be suitable for light guide 
retrofits since internal corridors and internal rooms are commonplace even within the 
“sidelit” schools. According to the Dr. Alexander Rosemann, “It should be noted that 
a large proportion of the non-domestic building stock in countries where light guides 
are used was built between 1960 and 1990 and is likely to be subject to 











 - 42 - 
4. PERFORMANCE EVALUATION OF TUBULAR LIGHT GUIDE 
SYSTEMS 
A light pipe system is evaluated in two different methods. One is taking 
measurements on scaled models and the other is simulating the system using a 
computer software tool. 
This chapter presents the standard procedures for experiments, and evaluation of 
experimental method results of light pipe tests and simulation methods to predict a 
performance of a light pipe system. 
4.1. Early Experiments and Methods 
The known earlier work on mirror light pipes was published in Germany in 1975. 
The idea of passive solar light pipe as an innovative daylighting system took some 
time to achieve widespread acceptance. The accepted system was only those for use 
in transporting concentrated sunlight. [41] The report concluded that such devices 
were not suitable for use in the UK as they did not work without direct illuminance. 
The passive solar light pipe was not a widely known technology at that time. Later, a 
work by Littlefair on daylighting technology included hollow metal tubes with a 
polished interior surface was tested. [42]  
Passive solar light pipes were developed in their current form towards the end of the 
1980s and some reflective materials were used inside the pipe. Cross sectional shape 
varied, but later development and investors focused exclusively on the circular cross-
section. Thus, the tube in circular shape has been grown. A number of authors have 
donated to the knowledge base on tubular daylight transport. In 1986, a work was 
published describing tubular light guides of triangular cross section and their 
efficiency for light transport was estimated experimentally. [43] An efficiency of 
0.296 was calculated for a triangular light pipe of 0.12m. length with a side length of 
0.01m and an internal reflectance of 0.95. This well (the part between top of the tube 
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and roof) obtained an experimental value of 0.32 efficiency. The work also put the 
first equation forward to describe light pipe performance in terms of the key 
parameters affecting transmittance, T; the tangent of the incident angle of light input, 
tanӨ; the aspect ratio, L/d; and the surface reflectance, R.  
      (4.1) 
This description of performance was used by later investigations of light pipe 
efficiency. [44] And quoted as follows:  
          
(4.2) 
By the mid-1990s, the popularity of establishing passive solar light pipe technology 
was started to increase in value and produced commercially. Effort was made a bid to 
improve the performance of light pipes in a number of ways, including the fitting of 
laser cut panels to the collector. [45] This technology was designed to redirect the 
light arriving at the collector and to reduce the incident angle the light made with the 
axis of the pipe. This would reduce the level of loss by decreasing the number of 
reflections made. Edmonds et al made mathematical predictions of mirror light pipe 
efficiency with elevation and aspect ratio and concluded that a standard design would 
be restricted to aspect ratios of less than six. [45] Estimation of efficiency with 
surface reflectance of 0.85, 0.90 and 0.95 was also considered. A laser cut panel was 
fitted to a standard mirror light pipe and compared with a reference mirror light pipe 
under sun angles from 0 to 60° using light boxes when the lux meters inside. Long-
term tests were applied at the test site in Sydney - Australia over 5 months. It was 
found that at low solar altitude angle on a clear day up to 300% more light was 
delivered by the laser cut panel-equipped system and that performance rising was 
greatest in the winter months. The majority of results, however, were evaluated for 
clear days only, not under cloudy conditions. There was not any discussion under 
cloudy sky conditions given in the body. The light redirecting effect of the Laser cut 
panel would be greatly reduced or even eliminated under diffuse light and possible 
losses in the material might lead to lower levels of illuminance. Therefore, at the end 
of the discussion, Littlefair claimed that the technology was unsuitable for the UK 
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climate. Overall, he concluded that the light pipe was a viable daylighting technology 
and worthy of further investigation and improvement. [43] 
Another work was published on light pipes by P.D. Swift and G.B. Smith in 1995. 
The parameters affecting transmittance were examined in this experiment 
theoretically and experimentally. They expected using silver as a reflective lining 
material will result in a ‘red-shift’ and aluminium lining  result in a ‘blue-shift’ in the 
transmitted light. Swift and Smith claimed that their work was the only theoretical 
analysis of light pipe efficiency after Zastrow and Wittwer. [44] They are the first 
researches of making integrating sphere with a scale model of a light pipe. They 
evaluated the work of Zastrow and Wittwer and concluded that the model proposed 
in that work was valid only for low aspect ratio, low incident angle and high 
reflectance.  
Another report written by J.A. Love and P. Dratnal was on performance of light 
pipes in 1995. The study aimed to determine the parameters affecting performance 
and was based on the comparison of a number of commercially available products of 
various shapes and sizes. In addition, the efficiency of elbows and the length of the 
tube were investigated. The report suggested that diffuse light transport efficiency 
was lower than direct light. [46]  
Another work was published from Nottingham University in 1997 by L. Shao and S. 
B. Riffat. The measurements were taken for a light pipe of 1.2m. length and 0.33m. 
diameter in  scaled model building of 0.7×0.7×0.5m. dimensions. Simulation was 
done based on the ratio of external to internal illuminance during the winter season in 
the UK. The interior surface reflectance of the scale model was also varied during 
measurement. Internal illuminance reached approximately 14% of the external level. 
This refers to an illuminance of 100-140lux in a room of 2m height and 3m floor 
dimensions which means an area 16 times larger than the test room. Problems were 
encountered with the delay between external and internal readings, which were not 
carried out at the same time. Therefore, it was suggested that accuracy could be 
improved by the availability of a second lux meter to make simultaneous 
measurements possible. It was concluded that the 100lux light level calculated from 
the readings could produce a 30% saving in electric lighting demand. [47]  
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In 1998, performance of installed light pipes in shorter and larger diameters in 
different countries was satisfied. L. Shao and A. A. Elmualim prepared an article on 
good levels of illuminance for such type of installations. A single lux meter placed 
under the light pipes which composed of large aspect ratio and multiple bends. 
Although the values as low as 0.1%, the daylight factor was calculated around 1% 
after taking measurements. Apart from measuring internal illuminance, it was not 
possible to measure external illuminance simultaneously. Therefore, sky condition 
was described quantitatively using a single measurement after each internal test and 
qualitatively during the test. After analyzing 4 different systems in different 
locations, it was concluded that there were strict limits to the number of bends and 
total length, which should be recommended for light pipe installations. [48] 
Many experiments are systematic parametric studies and so used the similar 
procedures but simulation methods change according to the type of the installed 
system.   
4.2. Recent Experiments and Methods 
In 2000, installed light pipe systems in different locations were monitored and 
evaluated by L. Shao and S. B. Riffat. External and internal measurements were 
taken, but not simultaneously. The report examines that the internal illuminance 
values were typically greater than 300lux for the areas measured and it was 
concluded that in these areas, a 100% energy saving should be possible for the 
majority of the time. [49] An additional study published by same authors in 2000 was 
about the combination of daylighting with pipes, natural ventilation and heating. This 
study was significantly different from the other one due to using a number of lux 
meters. Monitoring of light levels inside large daylighting chambers of 1.3×1.3×1.3m 
was carried out using data logger. Thus, internal and external light levels were 
monitored simultaneously. This research was supported adding ventilation and 
heating conditions and IR transmittance properties of light pipes. IR transmittance in 
the pipe was measured an internal to external ratio value of 1.4% on a sunny day. 
This means, the pipe transmits less IR than visible light. In addition, the study 
pointed out that the pipes were more efficient at transmitting direct light than diffuse 
light. [50] 
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Researchers from Queen’s University in Canada monitored a standard light pipe of 
33cm diameter and 1.83m length, as seen in the Figure 4.1. 
 
Figure 4.1: Monitored light pipe in Canada 
The device in Figure 4.1 was installed in a University building and the external and 
internal illuminance monitored simultaneously. The daylight factor was measured 
around 0.5% at the task plane. The device was more efficient under diffuse light at 
lower levels than higher levels from the diffuser. The researchers compared the 
results with double glazed option as well. It is noticed that actual losses were lower 
than single glazed pipe due to the smaller area. The use of a single cell to monitor 
internal illuminance did not permit the authors to measure light distribution. [51] 
A review of advanced daylighting systems mentions light pipes and other ‘core 
daylighting’ technologies. It highlights the lack of any standard way of evaluating the 
spontaneous and long-term performance of such devices and there is need to make 
scaled models to calculate the performance. The report indicates that making scaled 
models allow to detailed calculation and examine specific information from light 
pipes. [52] 
Another study focused not directly on the performance of light pipes but on the 
performance of domed skylights. Discussing the domed skylights in this thesis is 
necessary. Because the basic principle of collecting sunrays into a light pipe process 
refers to domed skylights. In this way, the study by A. Laouadi and M. R. Atif 
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compares domed and planar skylight panels. It was found that domed skylights had 
higher transmittance for low-angle sun. The transmittance characteristics of a domed 
skylight are very suitable for light pipe applications. The pipe has the best 
transmittance when low-angle light is likely to give low illuminance, and the worst 
transmittance at the brightest part of the day with higher solar angles. This would 
have the effect of slightly reducing the disparity in illuminance across a day or 
season. [53] 
4.2.1. Evaluation with Scaled Models  
Evaluations on performance of light pipe systems have shown the parameters which 
affect the performance and capabilities of the system since 2000. The pipe length and 
number of elbows have been examined on different commercial products. Also, 
researches were carried out on scaled models and new ideas were proposed on 
energy saving.  
First published scaled model study on light pipes belong to a research group in 
Napier University in 2000. The aim of making scaled model was to predict 
illuminance by taking 3 parameters into consideration. 
D: The distance from the diffuser to the point of measurement 
kt: The Sky Clearness Index 
αs: The Solar Altitude Angle [54] 
Illuminance values which were predicted before testing were compared with the 
measured values using The Root Mean Square Error (RMSE)* and other static 
analysis methods. The method used was the most realistic one until the year 2000. 
The authors highlighted the lack of device variables and there was need to include 
parameters such as light pipe length, diameter and elbows into future work. 
 The sponsoring company, Belgian Building Research Institute (BBRI) exported the 
pipes to Belgium to support research. A test room was built by BBRI. The light pipes 
                                               
*RMSE: Determined by calculating the deviations of points from their true position, summing up the 
measurements, and then taking the square root of the sum.                                           
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were installed in a room with a window and the daylight factor was calculated with 
various distances from the window. It was clear that the window provided a much 
greater quantity of light than the pipes, but the light distribution meant that the rear 
of the room was gloomy. After integrating the light pipes, the daylight factor towards 
the rear of the room raised from around 0.25 to 0.6% between depths of 2.8 and 4.4m 
from the window. Calculations were made on the basis of available illuminance data 
for Belgium to predict the percentage of daytime that given levels of illuminance 
would be exceeded. This was then used to determine internal light levels using the 
daylight factor of the devices, shown in Table 4.1.[55] 
Table 4.1:  Predicted Performance of light pipes in Belgium 
Although the sunlight was getting lost in the pipe slightly, there were some losses in 
diffuser and the dome in the system as well. Length loss was measured by the 
innovative method of placing a lux meter within the light pipe duct and 
systematically lowering it down the pipe. This enabled to identify the inter reflected 
light portion and the portion refers to direct light from sky. They found that light loss 
was 29% per meter which was higher than the claimed value by the manufacturer. 
The opal diffuser was also tested and a 0.875 transmittance was measured. The 
appendix of the report provided a number of useful measurements on the materials 
from which the pipes were constructed, including spectral measurements of two 
diffuser types, three dome types and two different finished surface ones within the 
pipes. These measurements covered the visible light spectrum, the entire solar 
spectrum and the UV portion. The PC (Polycarbonate) and PMMA (Standard Acrylic 
Dome) domes had UV transmittance values of 0.90 and 0.019 respectively. Despite 
the extremely high transmittance of UV by the PC dome, however, the choice of 
dome material would probably only influence the UV-related aging of the pipe lining 
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material as opposed to objects within the lit room, because the diffusers at the lower 
end of the pipes transmitted very little of the UV. Selected data for transmittance or 
reflectance is included in Table 4.2. [43]  
Table 4.2: Spectral transmittance of light pipe materials, selected data 
Spectrum Opal Diffuser Stippled Diffuser PC Dome PMMA Dome Reflective Film 
Visible 0.484 0.875 0.923 0.883 0.934 
Whole Solar 0.530 0.794 0.889 0.813 0.883 
UV 0.01 0.001 0.903 0.019 0.629 
 
The measurements were taken using integrators in a built test room. The test room 
was constructed with three apertures for light pipes and two for light rods* and was 
fitted with an integrator for each aperture. Sky access from the room was reasonable, 
with shading no higher than 10° in south directions. The room was facing the nearby 
trees on north façade. Problems from shading by trees only became apparent at very 
low solar angles; at the sunset and sunrise in mid-winter.  
 
Figure 4.2 : Configuration of cells (sensors), meters, logger and computer layout in 
room. 
Internal layout of the test room, the location including some nearby trees are shown 
in Figure 4.2 and Figure 4.3 The configuration of cells (sensors), meters, logger and 
computer were necessarily are indicated in Figure 4.2. Each cell required several 
inputs and outputs to function properly.  
                                               
*
 Light Rod: The light rod is intended to be both highly efficient and compact and is constructed from 
commercially available high-quality polymethyl methacrylate (PMMA), a high clarity polymer 
commonly used in aircraft windows, boat windshields and optical lenses because of its physical and 
optical properties. Additionally, it is a material known to internally reflect efficiently and resist 
degradation by UV light for extended periods [56] 
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Scale models are useful tool in the design process of a daylighting system It allows to 
evaluate the system quantitative and qualitatively.  From quantitative point of view, 
the photometric measurements taken inside the physical scale model are same as 
taken in existing building due to the physical properties of natural light. In other 
words, the size of the light wavelengths between 380-780 nm is same when 
compared to the size of any scale model. [57] From quantitative point of view, a 
direct visual examination of the interior provides information about glare and 
contrast in the space. It also gives the possibility of taking pictures, which cannot be 
done by mathematical analysis. [58] 
 
Figure 4.3: The plan and the section of test room. 
 
Figure 4.4: The test room exterior and interior view 
In general, scale models are flexible tools that allow the comparison of different 
configurations. The scale of the model depends upon the evaluation technique used 
and the level of data required. Large scale models (1:10 to 1:1) are especially useful 
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to integrate industrial components, and to proceed to final evaluation of advanced 
daylighting systems through monitoring and visual assessment of possible users and 
photographic records. [5] Figure 4.4 indicates a test room in Nottingham England. 
When building a model, the accurate geometric reproduction of the space, the 
replication of the transmission properties of glazing materials and the reflectance of 
the different surfaces are significantly important. [59] 
A study on measuring the performance of light pipes was published in 2005, Texas. 
A scale model was built and the performance was evaluated.. The decision to use 
scale models in the study allowed changing settings in a quick fashion and 
experimenting with different materials and solutions with real weather data. Large 
scale model and the materials made the visual observation easy and as close as 
possible to a real space. The objectives of this research were: 
• To monitor the scaled daylighting system for longer periods under different 
weather conditions and with different materials.  
• To evaluate the visual comfort of the light pipe system.  
• To obtain people’s feedback and opinions about the light pipe system as a starting 
point in its building integration and future commercialization.  
The research had been started by Lawrence Berkeley National Laboratory and a 
prototype already been made. Therefore a new model was built as a reference room 
in same characteristics and placed next to the other as seen in the Figure 4.8. Base 
case or reference case was a module of a multi-story office building with an open-
plan configuration. The real dimensions were 609.6 cm. in width; and 914.4cm. in 
length (deep-plan); and 304.8cm. ceiling height with 60.96cm. more for the plenum. 
This scale allows a realistic field of view for visual observation. In addition, it gives 
opportunity for making changes on light pipe design in while constructing. 
The ceiling made with corrugated board, was mounted on a wooden structure and the 
floor and walls were constructed of plywood, water-sealed, and painted.  It was slid 
into the model and supported by three tight cables placed between the side walls. 
Three different surfaces were painted, and their reflectances are shown in Table 4.3.  
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The reflectance ρ for each material was calculated with the following equation:  
ρ = [(L x 0.18 / L GC) + (L x 0.9 / L WC)] / 2    (4.3) 
where L is the luminance value of each material measured with the luminance meter, 
GC is the known reflectance of a Kodak gray card with a value of 18%, and WC is 
the known reflectance of a Kodak white card with a value of 90%.  
Table 4.3: Floor, ceiling, walls, and furniture reflectance 
 
The façade was made of stackable parts to facilitate the easy removal of these parts 
for exploration of different designs and materials, and for re-design and use in future 
studies. These parts were the window sill, lower window, upper window, and plenum 
front-part. This last piece varies in the test case, with a protrusion in the middle with 
a small sloped glazing aperture that is the light pipe collector. Figure 4.5 indicates 
the plan view, and the Figure 4.6 indicates the section of the reference model. Figure 
4.7 indicates the details of both façades.  
 
 Figure 4.5: Reference model plan view.  
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Figure 4.6 : Reference model longitudinal section. 
 
Figure 4.7: Experiment layout on Langford building’s roof. 
The two scale models were placed on the roof of the School of Architecture, Texas 
A&M University, located in College Station, Texas.  Figure 4.8 indicates a picture of 
the final setting. The facades of the scale models are facing south. In order to have 
visual access into the models, three viewports at eye level were provided on each 
scale model: one at the back and two on the east facing wall. These viewports give 
two different points of view as well as the possibility of performing several tasks at 
the same time, like taking pictures and luminance measurements simultaneously. 
[60] 
Photometric evaluation is important phase of the evaluation and some considerations 
must be taken. All of the following considerations were taken including the use of 
adequate photometric sensors that were placed on a grid, frequent measurements of 
interior and exterior illuminances, and the suitable schedule for an office building.  
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1. It is significant to take continuous readings of exterior illuminance while taking 
interior illuminance to obtain daylight factors. 
2. The light meters or photometric sensors must be chosen according to the range of 
light to be measured 0-40,000 lux for diffuse light and 0-120,000 lux for direct light 
and they should also have a photopic filter as well as cosine correction.  
3. Different schemes can be arranged such as a single point, a line, or a grid for the 
layout of the interior sensors. A grid has to be uniformly spaced in columns and 
rows, and it is used primarily to obtain illuminance contour maps. [58] 
4. The best testing times under a clear sky are between 9am and 3pm. Additionally, it 
is useful to consider the beginning and the end of a working day, that is, 8am and 
5pm. For a good study on penetration and distribution at least three times should be 
considered: 9am, 12pm, and 5pm maps. [58] 
Obtaining the luminance maps with spot luminance meters is an old mapping 
method. Therefore, a new technology is based on CCD (Charge-Coupled Device) 
have replaced the old one. It is possible to convert pixels values to luminance values 
using this digital technology. Thus, lighting quality assessment that involves 
luminance mapping was done using CCD method in this study. 
A method is useful for predicting occupant response and it provides to evaluate 
brightness distribution and glare potential based on measured luminance variations 
within a space. [61] J. Culp emphasized that this method was further supplemented 
with the development of a software package that makes it functional and easy to use. 
[62] 
The inconvenience of this method is that the graphic represents the picture in pixel 
values, which makes it hard to compare with the iso-contour images that show the 
photograph in cd/m2.  
To validate the luminance values in the images of this study, High Dynamic Range 
(HDR) images composed in Photosphere software program and processed in Desktop 
Radiance as iso-contours, were compared to luminance measurements taken at the 
real space. [60]  
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Visual observation is critical in the qualitative evaluation of a daylighting system. 
Because, none of the instruments can measure what the human eye senses. Usually, 
people’s opinions about the visual performance of a lighting system are taken in the 
design stage, or later as a post-occupancy evaluation (POE). The main aim of a POE 
study is to know whether the lighting design meets the expectation levels that were 
intended during its development. [57] 
In most cases, visual observation involves the inspection of the scale model when 
used in the design stages and where the daylighting system is being studied. For that 
reason, viewing ports need to be placed at a scaled eye level. Before any evaluation 
is done, the observer has to allow his eyes to adjust to the interior light levels for at 
least 5 minutes while looking inside the model. Before that adjustment period, the 
person should evaluate the lighting conditions as soon as possible, as the first 
impression is important. [58] When evaluating a new system, it is important to have 
a neutral reference model or base case so the person can compare between this and 
the new solution. [57] 
In both cases, used in the design stage and as POE, the comments of visitors can be 
saved in a questionnaire or survey. Surveys are an important tool for the assessment 
of a user’s opinion. [63] 
In other words, making scale models and taking photometric measurements provide 
to predict the performance of the system and the visual observations shape the 
methodology of the study. 
According to a report by Bracale G., Mingozzi A, Bottiglioni S. presented in Lux 
Europa 2001, the performance of tubular skylight is the result of three effects:  
1. Daylight Flux collected by the dome. 
2. Tube Transmission Efficiency. 
3. Diffuser Efficiency. 
The quantity of light flux, measured in lumen, collected from sky by the dome 
apparatus and concentrated at conveyor entry is expressed by the equation: 
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Fe =K. S. i (Iumens)          (4.4) 
where: 
Fe: Captured flux 
K: Dimensionless factor, is in relation to the efficiency of optical devices of dome 
S: Dome section (m2) 
I: Sky illuminance (lux) 
Tube transmission efficiency TrE (%) is represented, mathematically, by the 
complex equation due to Swift and Smith [44], and some simpler versions given by 
Zastrow and Wittwer [64] 
          (4.5; 4,6) 
 
where: 
L/D:Aspect ratio (length divided diameter) 
J: Entry angle 
R: Reflectance 
Figure 4.8 illustrates the relation between tube transmission efficiency and L/D ratio 
of tubular skylights 
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Figure 4.8: Tube transmission efficiency of tubular skylights: Diffuse radiation 
angle 300 constant –relation L/D and reflectance 
4.2.1. Evaluation with Simulation Models  
The light pipes can be simulated using lighting simulation tools such as Radiance, 
Superlite, Daysim and Skyvision. Radiance and Superlite have been developed by 
Lawrence Berkeley Laboratory and the tools Skyvision and Daysim have been 
developed by National Research Council Canada. In number of different lighting 
simulation tools, Skyvision was programmed for simulating different types of 
skylights and light pipes particularly.  
In 2002, a significant work on measuring and predicting light pipe performance was 
published by the University of Liverpool. This work was based on the use of 
photometric integrators to quantify the luminous flux of the devices and investigated 
aspect ratio as well as light distribution. Carter monitored the performance of two 
light pipes of 610 and 1220mm length and both of 330mm diameter using 
photometric integrator boxes of 0.8m size. After measuring distribution, a model was 
developed using the computer simulation software Lumen Micro 2000. This was 
found to be within 10% of measured data for a distance up to 2m. Several other 
methods were also employed to predict output, including a utilization factor applied 
to luminous flux figures. [65] 
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Figure 4.9: Light pipe transmittance efficiency with aspect ratio of the pipe 
Reading from Figure 4.9, an efficiency of 0.50 was predicted for an aspect ratio of 
1.8 and an efficiency of 0.40 was predicted for an aspect ratio of 3.6. The latter 
would correspond to a length of 1.2m. for the 0.33m. diameter light pipes measured 
in the work. Carter concluded that the presence of direct light at temperate latitudes 
did not greatly affect the efficiency of the light pipes. He also commented on the 
likely availability of new lining materials with 98% reflectance in the near future and 
that greater lengths of light pipe would be possible with such materials. He 
emphasized that the model had used a design sky as this is compatible with 
conventional daylight factor calculations and because the design sky was considered 
sufficiently accurate for developing daylight factors considering the inaccuracies 
inherent in such calculations. 
Using the simulation tool it is possible to compute luminances (Cd/m2), illuminances 
(lux), daylight factors (%), glare index and rendering scenes from particular 
viewpoint(s) as seen in the Figure 4.10. 
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Figure 4.10: Daylight factor distributions on the working plane. Simulation 
performed with Superlite. 
 
Figure 4.11: Vertical and Horizontal illuminances and daylight factor. Simulation 
performed with Radiance 
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Following preliminary simulations and comparing results with design targets, it 
might be necessary to re-define preliminary design hypothesis and to make some 
new choices. A final simulation is thus required as in the Figure 4.11. 
The simulation tools can take into account the multi reflections inside the tube. Using 
these useful simulation tools, it is possible to evaluate in detail how the light 
transported will be distributed inside the space, also considering reflections and 
absorptions on the surfaces. [66] 
Superlite is a windows based program which enables a user to model interior 
daylight levels for any sun and sky condition in spaces having windows, skylights or 
other standard fenestration systems. The principle of the software is the capability to 
calculate electric lighting levels in addition to the daylighting prediction. This allows 
lighting performance simulation for integrated lighting systems. Daylighting and 
electric lighting systems can also be modelled separately. The program calculates 
lighting levels on all interior surfaces, as well as on planes that can be arbitrarily 
positioned to represent work surfaces or other locations of interest to the user. It is 
intended to be used by researchers and lighting designers, who require detailed 
analysis of the illuminance distribution in architecturally complex spaces. [67] 
Some of the key capabilities of Superlite 2.0 include:  
• Geometrically complex spaces can be modelled, such as L-shaped rooms, 
trapezoidal surfaces, interior partitions and external obstructions  
• Window glazing can be clear glass, diffusing glass or clear glass with a diffusing 
sheer curtain  
• Daylight calculations can be performed for a variety of sky conditions, for a given 
sun position or geographic location, or for user-defined irradiance data  
• Illuminance data are calculated for points on user specified planes  
• Electric lighting fixture data are flexibly entered as candlepower distribution files  
Some of the key limitations of Superlite 2.0 include:  
• All surface reflection of light is assumed to be perfectly diffuse  
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• Complex fenestration systems such as Venetian blinds and specular light shelves 
cannot be modelled  
• Input and output are accomplished only through ASCII text files  
• The numbers of surfaces, windows and nodes can be restrictive for complex 
spaces [67] 
SkyVision is another Microsoft® Windows® based computer program which 
calculates for a given design day, the overall optical characteristics (transmittance, 
absorptance, reflectance and solar heat gain coefficient) of various skylight types, 
performance indicators of skylight/room interfaces (well efficiency and coefficient of 
utilization), indoor daylight availability (daylight factor and illuminance) and 
lighting energy savings. It is intended for use by skylight and curb manufacturers, 
building designers, architects, engineers, fenestration councils and research 
institutions. [68] The main screen of the software is seen in the Figure 4.12. 
 
Figure 4.12: Main screen of Skyvision software. 
The software may also be used to output the optical characteristics of light pipes. 
Daylighting outputs include average Daylight Factor (for diffuse light) at room floor 
level and at different levels normal to walls, indoor illuminance distribution on the 
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room floor, ceiling and walls (for combined beam and diffuse lights), and outdoor 
horizontal illuminance for beam and diffuse lights. Rating outputs include beam 
skylight transmittance at normal incidence angle; diffuse skylight transmittance 
under CIE overcast, IES partly cloudy and CIE clear sky conditions at noontime in a 
given location; Solar Heat Gain Coefficient (SHGC); and the ratio of the illuminated 
floor area to that of the skylight opening under CIE overcast, IES partly cloudy and 
CIE clear sky conditions at noontime in a given location. [68] 
Desktop Radiance is Windows 95/98/NT based software that integrates the Radiance 
Synthetic Imaging System with AutoCAD® Release 14 and 2000.  Desktop Radiance 
includes libraries of materials, glazings, luminaries and furnishings so it allows to 
create realistic lighting models quickly. The main screen of the Desktop Radiance is 
seen in the Figure 4.13. 
 
Figure 4.13: Desktop Radiance is integrated into the AutoCAD R14 or 2000. 
Entering the input values, following processes can be carried out on Desktop 
Radiance: 
• Integrated Libraries of materials, glazing, luminaries and furniture can be 
imported into the AutoCAD® 2000 scene. 
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• Materials Editor helps to define and specify custom materials by selecting color, 
specularity and roughness from graphic palettes. 
• Simulation Control interface provides quick and easy control of simulation 
operations from the most basic (e.g. time of the day and sky conditions) to the most 
sophisticated (e.g., number of indirect bounces of light and soft shadows). 
• Interactive rendering controls the simulation while it is generated and control the 
progress and options of the simulation to best meet the simulation needs as fast as 
possible. 
• Image analysis addresses quantitative issues by: 
Displaying light levels through direct clicks on the image. 
Displaying images with superimposed iso-lux lines. 
Displaying images using false colour to indicate light levels. 
• Qualitative issues by: 
Displaying images at different exposure settings. 
Filtering images to account for the sensitivity of the human eye. 
Save images in a large variety of formats for use in other programs. 
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5. VALIDATION OF SKYVISION TOOL ON A TUBULAR LIGHT GUIDE 
SYSTEM INSTALLED IN OFFICE ROOM 
This Chapter focuses on validation of a non-commercial tool called Skyvision which 
was developed for skylights and tubular light guide systems particularly by National 
Research Council Canada. The software aims to predict the performance of tubular 
skylights resulting either optical characteristics or daylight and energy performance, 
pointing at a reference office room. 
5.1. Skyvision as a Simulation Tool 
Skyvision is a computer program developed by Natural Research Council Canada, 
Public Works and Government Services Canada. The main components of the 
software are the inputs, databases, analysis modules and outputs, which are shown in 
the flowchart in Figure 5.1. 
 
Figure 5.1: A flow chart of the software structure. 
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5.2. Simulation Process 
The inputs for the simulation process are described below. 
5.2.1. Software Inputs 
The input parameters include general data, sky conditions, skylight system data, and 
data for the space under the skylight, which include the curb (space above roof), well 
(space between roof and ceiling) and room (space below ceiling). Databases for 
glazing optics and climate data are used to simplify the input data process. [68]. 
The climate data in “svw” extension is dropped into the Climate folder and must be 
browsed as a default source file in the preferences menu before starting simulation. 
”svw” means “sky-vision-weather” and is created converting the weather data file 
downloaded from Energy Efficiency and Renewable Energy web site 
(www.eere.energy.gov) in “epw” format.  Skyvision imports the climate data directly 
from climate file automatically in this way. The other information used by Skyvision 
which includes geographical coordination is specified manually in Location tab. 
5.2.1.1. General Inputs  
The user supplies the site latitude and longitude angles, the ground/surrounding 
visible and solar reflectance, the simulation day, the target illuminance, and the file 
names for the glazing and climate databases, inputs and outputs. The user may also 
supply other excluded inputs, which are not used in the computation, such as project 
identifier, company name, etc. 
The software is used to analyze the optical characteristics and daylighting 
performance of skylights and also used to produce rating data for a given skylight 
product under standardized conditions. [68] 
5.2.1.2. Specifying sky conditions  
Sky conditions affect the skylight optical behaviour and indoor daylight availability 
in results. The user may input a variety of sky conditions, varying from luminance-
based to illuminance-based sky conditions. In the luminance-based sky conditions, 
the sky luminance pattern is known. The user may specify standard skies that are 
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site-independent or dynamic real skies that change with daytime. Standard sky 
conditions may be uniform overcast, CIE overcast, CIE intermediate, IES partly 
cloudy, CIE clear with polluted air, CIE clear with clean air, or dynamic real. [70] In 
the illuminance-based sky conditions, the hourly horizontal diffuse illuminance is 
known. In the dynamic real skies, the sky luminance pattern has to be modelled. 
 
Figure 5.2: In order left to right, CIE Overcast; CIE Clear and Perez Sky Model 
The two CIE skies describe the two extremes of a perfectly clear and a totally 
overcast sky. The CIE skies are routinely used to analyze the daylight availability in 
a building with extreme daylighting conditions. 
While the CIE skies help to investigate the performance of a building under some 
selected sky conditions, they do not allow to judge how the building is going to 
perform throughout the whole year. In case of analyzing annual building 
performance, it is needed to be able to model all sky conditions over the course of the 
year needed to be able to modelled. In the absence of sky scanner data, it’s necessary 
to base the model on an annual climate file and use the Perez sky model to calculate 
the sky luminance distribution for direct and diffuse irradiances. [70] 
The Perez all weather sky luminance model has been developed in the early nineties 
by Richard Perez et al. and requires date, time, site and direct and diffuse irradiance 
values to calculate the sky luminous distribution for a given sky condition. The 
model consists of two independent models: 
• The Perez luminous efficacy model calculates the mean luminous efficacy of the 
diffuse and the direct sunlight for a considered sky condition. Input parameters are 
the solar zenith angle, solar altitude, direct and diffuse illuminances as well as the 
atmospheric precipitable water content. 
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• The Perez sky luminous distribution model yields the sky luminous distribution 
based on date, time, direct and diffuse illuminances. The model comprises five 
parameters which influence the darkening or brightening of the horizon, the 
luminance gradient near the horizon, the relative intensity of the circumsolar region, 
the width of the circumsolar region and the relative intensity of light back-scattered 
from the earth’s surface. 
The inlet in Figure 5.2 indicates the same bright overcast sky conditioned for 
Freiburg, Germany on January, 1 at 10:00 a.m. modeled by Perez and CIE overcast. 
The comparison of the two sky conditions reveals the superiority of the Perez sky 
model compared to the CIE model. While the former distinguishes between dark and 
bright overcast skies and provides some details in the sky luminous distribution, the 
CIE overcast sky is rotationally invariant. The correct modeling of overcast skies is a 
crucial quality aspect of a sky model, as in many densely populated areas worldwide 
more than half of all appearing sky conditions are overcast. For very dark or bright 
sky conditions the Perez sky model reduces to the CIE overcast or clear sky. [70, 71] 
Using Perez et al model for the sky diffuse radiation, the coefficients cd and cr are 
given by following formula which is used by Skyvision: 
   (5.1) 
Where: 
ρg: The ground reflectance (albedo); 
F1: Circumsolar brightness coefficient; 
F2: Horizon brightness coefficient; 
b, c: Terms that accont for angles of incidence of the cone circumsolar radiation on 
the inclined and horizontal surfaces. 
For isotropic diffuse skies, the coefficients F1 and F2 are equal to zero. [72] 
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5.2.1.3. Defining the conventional skylights  
The inputs for conventional skylights include skylight shapes and glazing types. 
Conventional skylights are classified into four basic classes dome-like, vault-like, 
cone-like, and flat as seen in the Figure 5.3.  
 
Figure 5.3: Skylight types 
Skylights with any other shape are converted to the class representative shape 
through the use of the concept of the Shape Parameter developed by Laouadi and 
Atif. [73] and Laouadi et al. [74]. The representative shape for dome-like skylights is 
a hemispherical dome characterised by its truncation angle and radius. Skylights 
falling under this class include hemispherical domes with different profiles, 
segmented domes, square-based bubbles or any other similar shape. The 
representative shape for vault-like skylights is a barrel vault characterised by its 
truncation angle, orientation with respect to the south direction, radius and length. 
The gables (end walls) may be opaque, or glazed with different glazing types from 
that of the cylindrical part of the skylight. Skylights falling under this class include 
barrel vaults with different profiles, segmented barrel vaults, ridges, hip ridges, 
double pitch, rectangular-based bubbles or any other similar shape. The 
representative shape for cone-like skylights is a circular cone characterised by its 
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cone angle and height. Skylights falling under this class include circular cones, 
polygons, pyramids, or any other similar shape. Skylight glazing may be transparent 
or translucent. When the glazing is transparent, the optical properties (transmittance 
and front and back reflectances) for the visible and solar spectrums are read from the 
attached glazing database. When the glazing is translucent, however, the user has to 
input the diffuse optical properties of the flat sheet the skylight is made of for the 
visible and solar spectrums. 
5.2.1.4. Defining the tubular skylights  
Tubular skylights are made of three components: collector, tube/pipe and diffuser as 
seen in the Figure 5.3. The collector is a hemispherical clear dome that collects solar 
rays. Inputs for the collector include the shape parameter and the glazing type. The 
glazing type is supplied from the attached glazing database. The tube or pipe 
channels solar rays (both beam and diffuse rays) downwards to the indoor space 
using a highly reflective lining. Inputs include the tube radius, length and surface 
reflectance. The diffuser is translucent and may take different shapes (flat, dome, 
rectangular, or other shape). Inputs include the Shape Parameter and the diffuse 
optical properties of the flat sheet the diffuser is made of. 
5.3. Calculation Engine 
Calculation engine is defined as analysis modules which are necessary to compute 
the output parameters as seen in the Figure 5.4. These modules are grouped into three 
categories: Sky models, optics modules, daylighting modules. 
5.3.1. Sky Models  
These modules compute or model the sky luminance patterns for the luminance-
based or illuminance-based sky conditions. Sky conditions affect the optical 
characteristic results of skylights and daylight availability. 
The considered sky models correspond to the sky condition inputs are shown in the 
Figure 5.4. Also, the figure divides the calculation engine into the branches.  
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Figure 5.4: Calculation engine 
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5.3.2. Optics Modules  
The skylight industry employs sophisticated glazing technologies. Most skylights 
have laminated glazing required for safety reasons. Tinted or solar reflective coatings 
are usually employed in conventional skylights to reduce excessive solar heat gains. 
Low-e coatings are also used to reduce thermal heat loss. Therefore, optics modules 
have to accommodate all these technologies. These modules compute the optical 
characteristics of the glazing assembly, conventional skylights and tubular skylights. 
Glazing optics modules compute the optical characteristics of a composite pane 
(substrate and coating) and glazing assembly (set of composite panes separated by an 
air/gas space) at a given incidence angle. Optics modules for conventional/tubular 
skylights compute the overall optical characteristics of the skylight system under 
beam and diffuse lights for both solar and visible spectrums. 
5.3.3. Daylighting Modules  
Daylighting modules compute the outdoor and indoor daylight availability. These 
include modules to compute the outdoor horizontal illuminance for both beam light 
and diffuse light under different sky conditions, skylight well efficiency, Daylight 
Factor (for diffuse light), and indoor illuminance distribution at floor level and 
normal to walls (for combined beam and diffuse lights). 
5.4. Description of the Test Model and Simulation Methodology 
First of all, to be able to evaluate an installed system in an office room, some criteria 
were assigned. A light pipe system was located in the room and then, 2 different 
skylight variations were determined as reference models to make comparison for 
same conditions. The design variations are named as: 
• Base Model (Light pipe) 
• Reference Model 1 (Flat Skylight) 
• Reference Model 2 (Central Flat Skylight) 
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5.4.1. Base Model (Light Pipe) 
The schematic plan of the test room is given in Figure 5.5; the units are in cm.  
 
Figure 5.5: Base Model plan view, the units are in cm. 
The “Base Model” model was determined according to the following points: 
• 5 light pipe elements were located into the room as in the Figure 5.5. 
• Each light pipe has same opening surface area of 0.22 m2 
• Total opening area is equal to 1.1m2  
To compare the results, following inputs were entered in the software interfaces: 
• It is assumed that the room is located to the south direction in Istanbul, Turkey. 
The geographical location of the city is known as 40°.58’ in Latitude, 28°.59’ in 
Longitude. These inputs, including the ground and surrounding reflectance values, 
were entered in the first tab as seen in the Figure 5.6. 
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Figure 5.6: Location window 
After assigning the coordinates, sky model was selected in Sky Condition tab. The 
“Dynamic 2 (with known illumination)” sky model refers to Perez Sky Model as 
seen in the Figure 5.7.  
 
Figure 5.7: Sky conditions window 
Geometry of tubular skylight, the diffuser, the collector elements and their 
dimensions were defined as: 
• The pipe in circular shape of 53cm. in diameter and of 50cm. in length. Selected 
diameter length is the most common value in manufacturers. 
• The collector is made of acrylic in circular dome shape of 12.7cm in height.   
• The diffuser is defined as flat. In some applications diffuser unit is not used and 
the end of the pipe is left empty as seen in the Figure 5.8.  
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Figure 5.8: Skylight types window 
To define the optical characteristics of elements, glazing button helps with 2 main 
tabs including materials called translucent and transparent as seen in the Figure 5.9. 
The pipe is defined as translucent material and has the value of 99% Rfvis , Rfsol , 
Rbvis , Rbsol reflectances on front and back part of the material. The Collector and the 
Diffuser are assigned in transparent tab. Single pane collector is acrylic dome and the 
Diffuser was assigned as void material which means the diffuser will not be 
processed.  
 
Figure 5.9: Glazing type window 
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The characteristics of the Curb (the part between collector and the roof) and the 
characteristics of the Well that is the part between roof and the ceiling are defined in 
indoor space section. The height of Curb is defined as 1mm. which means the 
collector is attached directly to the roof and it has 99% reflectance value. The well is 
in 15 cm height, has 99% reflectance and 90° splay angles. The tube was designed in 
900 vertical to the ceiling. Such inputs as room specifications and pipe position are 
defined in same section but next tab. The squared plan office room is in 6 m. width 
on south-north axis and 6 m. on east-west axis and in 3 m. height. Following 
reflectance inputs on surfaces in the room were defined: 
• Floor Reflectance: 30% 
• Ceiling Reflectance: 80% 
• Top Walls Reflectance: 50% 
• Middle Walls Reflectance: 50% 
• Bottom Walls Reflectance: 50%  
5 tubular skylights were placed in office room to increase the gain from daylight 
availability and decrease the energy consumption. Figure 5.10 indicates the light pipe 
positions on Skyvision interface. 
 
Figure 5.10: Indoor space window 
 - 76 - 
The last tab is related to lighting and shading control for the system as seen in the 
Figure 5.11. It offers the opportunity to predict annual performance of the installed 
system at given target illuminance. Lighting tab refers to artificial lighting and 
occupant usage. The office hours are defined between 09:00 am and 18:00 pm. as 
lighting schedule and lighting control was defined as On/Off Automatic. Target 
illuminance is 500lux in offices determined by CIE. Mentioned in Chapter 3, Section 
3.1) [33] 
 
Figure 5.11: Lighting and shading control window 
5.4.2. Reference Model 1 (Flat Skylight) 
The 1’st variation was determined based on Light pipe Model according to following 
points: 
• 5 skylight elements were located in the same position in the same room but 
defined as flat as seen in the Figure 5.12. The units are in cm. 
• Each skylight has same surface area of 0.22m2 
• Total opening area is equal to total opening surface area of Light pipe model  
• The glass is assigned as single layer heat mirror glass, “SLCLCL03”, the product 
of Southwall Company. 
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Figure 5.12: Reference Model 1, plan view. 
5.4.3. Reference Model 2 (Central Flat Skylight) 
The 2’nd variation was determined based on Light pipe model according to 
following points: 
• 1 central skylight element was located in the middle of the reference room and 
defined as flat as seen in the Figure 5.13. The units are in cm. 
• The skylight has same opening area of total opening surface area of “Light pipe 
Model” and “Reference Model 1”  
• The glass is assigned as single layer heat mirror glass, “SLCLCL03”, the product 
of Southwall Company. 
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Figure 5.13: Reference Model 2, plan view. 
5.5. Software Outputs 
Based on these inputs, Skyvision calculates at each time step the floor average 
illuminance and the overall skylight optical properties for the sun beam and diffuse 
lights. The skylight transmittance for the global light incident on the skylight surface 
(sun beam, sky and ground-reflected diffuse lights) is calculated with following 
formula: 
    (5.2) 
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where: 
Edif: Outdoor horizontal diffuse illuminance (taken from weather data) 
Eglob: Outdoor horizontal global illuminance (taken from weather data) 
VTbeam: Skylight visible transmittance for the sun beam light for the given sun’s 
altitude angle (simulated) 
VTdif: Skylight visible transmittance for the sky and ground-reflected diffuse light 
(simulated) 
VTs: Skylight visible transmittance for the global light (simulated) [75] 
5.5.1 Evaluation of the Results 
Optical behaviour of light pipes is related to the sun position, intensities of the 
diffuse and beam radiations. Particularly, it is important to consider the behaviour of 
collector in case it is in such forms like the dome, pyramid or flat in transparent 
material. The optical principle of transmission, absorption and reflection regulations 
for a typical dome skylight are similar as a light pipe which includes a dome 
collector component. Hence, the regulations for optics for dome skylights are 
acceptable for the case project in this thesis. 
In 1999, a published article by Laouadi, A.; Atif M. R. points out “Under sunlight, 
single-glazed hemispherical domed skylights yield slightly lower equivalent solar 
transmittance and SHGC at near normal zenith angles than those of single glazed 
planar skylights. However, single-glazed hemispherical domed skylights yield 
substantially higher equivalent solar transmittance and SHGC at high zenith angles 
and around the horizon.” [76] 
In 1998, another published article by Laouadi, A; Atif M. R. brings a new optical 
mathematical model forward for predicting transmittance, absorptance and 
reflectance of transparent domed skylights.[77] According to the article, it was found 
out; the dome-equivalent planar surface would have the same aperture, the same 
construction materials, the same orientation and inclination angles, and would 
produce the same transmitted, absorbed and reflected irradiances as the domed 
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surface.  Hence, transmittance, absorptance, and reflectance of a dome-equivalent 
planar surface may be greater than unity. [77] The detailed information about optical 
properties of dome surfaces is given in Appendix B. 
On the strength of this knowledge, the simulation of light pipe model was executed 
in the case study. In addition to the input data, a design date, month and time were 
determined as 21’st December (winter solstice) and 21’st June (summer solstice) in 
the case study. Design time was assigned as 9:00 am - 18:00 pm as office hours to 
evaluate the system efficiency and its’ relation with occupant behaviour. The system 
was simulated and following consequences were achieved. 
5.5.2. Optical characteristics of the system 
Optical characteristics are defined as the results to clarify the physical properties of 
selected system (light pipe or skylight). The results can be examined according to 
daytime or incident angle of the sun. 
The values indicate that direct sun rays are reflected and transmitted more in 
mornings and afternoons than noontime. These results might be supported by a study 
published in 2002. An atrium covered by a dome skylight was simulated and the 
results were examined in an article prepared by Laouadi A. [78], At noontime hour 
on summer solstice, sunny day (21 June) in Ottawa (latitude 45° north), Ontario, 
Canada. The results point out  that the skylight optical characteristics are based on 
the incident flux on the horizontally projected surface area of the skylight. At low 
sun altitudes, for example, the transmittance or SHGC may be higher than unity as 
the incident flux on a horizontal surface tends to zero. [78] Appendix B covers 
technical information on calculation principles of dome surfaces used by Skyvision 
software.  
According to these circumstances, Table 5.1 and 5.2 indicate the behaviour of light 
pipe system according to the sun beam radiation on winter and summer solstices. 
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Table 5.1: Light pipe optical characteristics incident from beam radiation on 
December, 21. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.90 0.46 1.12 1.13 
10 0.86 0.33 0.71 1.02 
11 0.85 0.28 0.56 0.99 
12 0.84 0.27 0.52 0.98 
13 0.85 0.29 0.58 0.99 
14 0.87 0.35 0.78 1.04 
15 0.92 0.54 1.34 1.19 
16 1.25 1.68 4.83 2.09 
Table 5.2: Light pipe optical characteristics incident from beam radiation on June, 
21. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.80 0.16 0.19 0.88 
10 0.78 0.14 0.15 0.85 
11 0.77 0.13 0.13 0.83 
12 0.76 0.13 0.13 0.82 
13 0.77 0.13 0.13 0.83 
14 0.78 0.14 0.15 0.85 
15 0.80 0.16 0.20 0.88 
16 0.82 0.20 0.31 0.92 
17 0.84 0.28 0.54 0.98 
18 0.90 0.47 1.15 1.14 
While the beam radiation behave more efficient in the mornings and afternoon hours, 
diffuse radiation takes the best reflectance and transmittance values through the sun 
sets. Opposite of reflectance and transmittance, absorptance values are decreasing 
reversely in diffuse radiation on June, 21 but not on December, 21 due to the winter 
solstice. When the absorption is decreased, transmittance and reflection values 
increase. This means that more daylight levels are achieved in noontime. 
Table 5.3: Light pipe optical characteristics incident from diffuse radiation on  










9 0.87 0.29 0.60 1.01 
10 0.86 0.27 0.52 1.00 
11 0.85 0.26 0.49 0.98 
12 0.84 0.25 0.47 0.97 
13 0.84 0.25 0.47 0.96 
14 0.83 0.25 0.47 0.96 
15 0.83 0.25 0.48 0.96 
16 0.83 0.27 0.55 0.97 
Table 5.3 and 5.4 indicate the behaviour of system according to diffuse radiation on 
summer and winter solstices. 
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Table 5.4: Light pipe optical characteristics incident from diffuse radiation on June, 










9 0.88 0.21 0.32 0.98 
10 0.88 0.20 0.30 0.98 
11 0.87 0.18 0.27 0.96 
12 0.87 0.18 0.26 0.96 
13 0.88 0.19 0.27 0.97 
14 0.89 0.20 0.30 0.99 
15 0.89 0.21 0.33 0.99 
16 0.88 0.23 0.41 1.00 
17 0.87 0.26 0.50 1.00 
18 0.85 0.29 0.58 1.00 
SHGC is the heat gain coefficient from sun. Heat gain coefficient has the highest 
values in early mornings and lately afternoons. One of the advantages of light pipe 
system is to prevent UV rays and extreme heat gain in buildings. This special future 
separates the passive tubular light guide system from other typical skylight solutions. 
Incidence angle of the sun changes according to location and seasons. The sun takes 
the narrowest incidence angle in the winter solstice and takes the widest in the 
summer solstice. In case the incidence angle is wider, all transmittance, absorptance, 
reflectance ratios in the pipe will get higher values proportionally. Table 5.5 points 
the optical values considering incidence angle.  
Table 5.5: Light pipe optical characteristics. Variation with incidence angle. 
Incidence 
Angle (deg) Transmittance Absorptance Reflectance SHGC 
0 0.74 0.12 0.13 0.80 
5 0.74 0.12 0.13 0.80 
10 0.75 0.12 0.13 0.81 
15 0.76 0.12 0.13 0.82 
20 0.76 0.13 0.13 0.83 
25 0.77 0.13 0.14 0.84 
30 0.78 0.14 0.15 0.85 
35 0.79 0.14 0.16 0.86 
40 0.80 0.15 0.19 0.87 
45 0.80 0.17 0.22 0.89 
50 0.81 0.18 0.27 0.90 
55 0.82 0.20 0.34 0.92 
60 0.83 0.23 0.42 0.95 
65 0.84 0.28 0.55 0.98 
70 0.86 0.34 0.75 1.03 
75 0.89 0.45 1.08 1.12 
80 0.96 0.67 1.74 1.29 
85 1.15 1.33 3.75 1.81 
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5.5.3. Daylighting performance of the system 
The software helps to predict some information between the proposed system and the 
room. The following process generates the second part of the simulation. In this 
sense, after calculating optical characteristics of the system, daylight factors and 
illuminance levels on the inner surfaces were determined. 
The daylight factor is defined as : 
DF=Ei/Eo x 100 (%)                   (5.34)     
where 
Ei = Illumiance due to daylight at a point on the indoorreference plane. 
Eo = Simultaneous outdoor illuminance on a horizontal plane from an unobstructed 
hemisphere. [79] 
Table 5.6 and 5.7 point out the average daylight factors on the room surfaces 
calculated by Skyvisionin in winter and summer solstices. Obviously, the average 
daylight factors are almost at same level during daytime. 
Table 5.6: Daylighting performance of the system. Average daylight factors on inner 














9 1.6 0.5 1.00 0.7 1.1 1.00 
10 1.6 0.5 1.00 0.7 1.1 1.00 
11 1.6 0.5 1.00 0.7 1.1 1.00 
12 1.6 0.5 1.00 0.7 1.1 1.00 
13 1.6 0.5 1.00 0.7 1.1 1.00 
14 1.6 0.5 1.00 0.7 1.1 1.00 
15 1.6 0.5 1.00 0.7 1.1 1.00 
16 1.6 0.5 1.00 0.7 1.1 1.00 
Table 5.7 points out the average daylight factors on the room surfaces calculated by 
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Table 5.7: Daylighting performance of the system. Average daylight factors on inner 















9 1.6 0.5 1.00 0.7 1.1 1.0 
10 1.6 0.5 1.00 0.7 1.1 1.0 
11 1.6 0.5 1.00 0.7 1.1 1.0 
12 1.6 0.5 1.00 0.7 1.1 1.0 
13 1.6 0.5 1.00 0.7 1.1 1.0 
14 1.6 0.5 1.00 0.7 1.1 1.0 
15 1.6 0.5 1.00 0.7 1.1 1.0 
16 1.6 0.5 1.00 0.7 1.1 1.0 
17 1.6 0.5 1.00 0.7 1.1 1.0 
18 1.6 0.5 1.00 0.7 1.1 1.0 
Illuminance is the total amount of visible light illuminating (incident upon) a point 
on a surface from all directions above the surface. This "surface" can be a physical 
surface or an imaginary plane. Therefore, illuminance is equivalent to irradiance 
weighted with the response curve of the human eye. [77] 
Tables 5.8 and 5.9 point out the illumination level on the surfaces by time. Either in 
winter solstice or in summer solstice, illuminance levels get the highest values 
around noon.  
Table 5.8: Daylighting performance of the system. Total Illuminance Levels on 
inner surfaces on December, 21. 















9 241 73 144 113 170 149 
10 423 128 253 199 298 261 
11 491 149 293 231 346 303 
12 444 134 265 209 313 273 
13 330 100 197 155 233 203 
14 226 68 135 106 159 139 
15 133 40 79 62 94 82 
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Table 5.9: Daylighting performance of the system. Total Illuminance Levels on 
inner surfaces on June, 21. 















9 1200 364 717 564 847 740 
10 1394 423 832 655 983 859 
11 1528 464 913 719 1078 942 
12 1575 478 940 740 1111 970 
13 1537 466 918 723 1084 947 
14 1407 427 840 661 992 867 
15 1208 366 722 568 852 744 
16 894 271 534 420 631 551 
17 558 169 333 262 393 344 
18 262 79 156 123 185 161 
5.5.4. Annual energy performance of the system 
The final part of the simulation brings energy performance of the system forward. It 
comprises the charts of monthly energy savings, average daylight factors and 
illuminance levels as seen in the Table 5.10. The results were calculated for the given 
target illuminance as 500 lux which is minimum illumination level for office rooms 
given by CIE. [33] 
Table 5.10: Annual Energy Performance of the system. Monthly energy saving. 













Annual Energy Saving 51.7 
Table 5.11 points out the horizontal global and diffuse illuminance and indoor 
illuminances per month. The room takes the highest illuminance level on ceiling, 
floor and walls on July. 
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Jan. 13325 18197 293 89 175 
Feb. 16566 21127 339 102 202 
Mar. 21875 28360 455 138 271 
Apr. 24783 36834 586 178 350 
May 25726 42232 667 202 398 
Jun. 25727 47611 747 227 446 
Jul. 23339 47753 751 228 448 
Aug. 25110 47038 746 226 445 
Sep. 20869 39307 631 191 376 
Oct. 19473 28747 465 141 278 
Nov. 14504 19444 316 96 189 
Dec. 12596 14921 242 73 144 
5.6. Discussion 
Table 5.10 emphasises the lowest energy saving on December and the highest in 
July. This means the system efficiency and the outdoor illuminance are the highest in 
summer. In addition, the table specifies the annual energy saving is 51.7% in whole 
year.  
Reference Model 1 is composed of 5 flat type skylights which are located at the same 
points where Base Model exists. Reference Model 2 is a flat skylight, exists of 1 
skylight element located at the centre of the room. It has same optical characteristics 
and same opening surface area of total opening surface area of Base Model. 
Appendix 1 presents the simulation results of Reference Models. 
After simulating 3 systems, mentioned in this chapter, Section 5.4.1., 5.4.2. and 
5.4.3., the energy performance results are criticized in Table 5.12. According to the 
table, it is realized that the highest monthly energy saving belongs to Base Model 
with the value of 85.86% in July. Reference Model 1 could reach the highest energy 
saving with the value of 27.99% in July and the Reference Model 2 could reach with 
26.72% value in August. 
Skyvision calculates annual saving taking arithmetic mean of all months. These 
charts prove how much energy is saved from the selected skylight or light pipe in a 
year. It helps to try on different design alternatives on program interface, and then 
compare their performances and after that to choose the best option. 
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In conclusion, comparing the annual energy savings, obviously, the highest annual 
energy saving was performed by Base Model with the value of 51.7%. While the 
Reference Model 1 could reach the value of 10.8% and Reference Model 2 reaches 
the value of 12.5%. In addition to performance results, the curves in Figure 5.17 and 
5.18 illustrate a comparison between designs. They draw total floor illuminances 
depending on daytime. This chart is may be used to rate the skylight products by 
fenestration rating councils.  
Table 5.12: Annual Energy Performance of 3 systems. and monthly energy savings. 
Month 
“Base Model”  
Monthly Energy 
Saving (%) 
“Reference Model 1” 
Monthly Energy 
Saving (%) 
“Reference Model 2” 
Monthly Energy 
Saving (%) 
Jan. 13.73 0 0 
Feb. 26.21 0.73 0 
Mar. 47.26 3.69 7.27 
Apr. 66.89 11.22 20.67 
May 77.51 21.82 22.30 
Jun. 83.18 27.09 24.42 
Jul. 85.86 27.99 25.26 
Aug. 78.67 22.08 26.72 
Sep. 68.63 11.49 21.66 
Oct. 44.41 2.39 1.05 
Nov. 20.77 0.05 0 
Dec. 6.32 0 0 
Annual 
Energy 
Saving 51.7 10.8 12.5 
Comparing skylight design performance based on the daylight factor on the room 
floor surface and the illuminated surface area ratio (ISAR) calculated at noontime 
hour for diffuse light (direct sun beam light is excluded), the daily profile of the total 
floor illuminance from sky diffuse and direct sun beam light, and daily lighting 
energy savings (DES) can be seen in the Figures 5.17 and 5.18. The results are for: 
central flat skylight (red), for flat skylight (green) and for light pipe (blue). 
According to the flow chart, the light pipe model results in better illumination levels 
on the floor surface than other conventional systems both in summer and winter 
solstices. [80]  
These results indicate that installing a light pipe system is more reasonable than 
installing a flat skylight for deep dark office rooms without considering cost values 
of the systems.  
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Figure 5.17: Comparison of skylight performance according to floor total 
illuminance levels on 21’st June (summer solstice) 
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Figure 5.18: Comparison of skylight performance according to floor total 
illuminance levels on 21’st December (winter solstice) 
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6. CONCLUSION AND FUTURE WORK 
This chapter contains the conclusions about the light pipe system and gives 
recommendations for future studies on this matter.  
In recent years, many researches and works have been realized on energy 
conservation and consumption. Whether the researchers or the companies have been 
working on new alternatives and offering different solutions for occupant 
requirements. New approaches and systems are being manifested on natural lighting 
for office buildings in terms of reducing the energy consumption and creating an 
efficient working space. Tubular light guides takes its’ place in these alternatives as 
well. The system targets the user comfort and energy conservation like other 
daylighting systems. Research studies indicate that natural light affects the office 
workers positively and increase the labour. In this case, the light pipes come into 
prominence. Moreover, integrating the artificial light sources into these systems, 
energy saving can be increased substantially. In this manner natural and artificial 
light might be combined. Reduced the light sources, new light pipe systems might be 
established as alternative systems to artificial lighting. 
The departments in deep plan office buildings where all façades are closed and 
daylight can’t reach inside, might be functioned and used more efficiently again 
integrated the light pipe systems. In case the light pipe systems are installed into 
penthouses or one storey open offices, more than one light pipe is integrated into the 
space and vertical end-lighting pipes, composed of a collector, a pipe and a diffuser 
are established or horizontal systems which collecting daylight from façades might 
be installed instead of vertical ones. However, in some applications, it is known that 
the tubular light guide systems are projected as serving all storeys in the office 
buildings. Under the circumstances, more efficiency might be taken from these 
systems. Thus, the light is transmitted along each storey around a core in the building 
using side-emitting lighting method. In this case, it will be required to attach extra 
supporting elements such as Heliostats and 2’nd mirrors to concentrate daylight and 
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make it stronger. Because, the strength of transmitted sun rays in the tube, decreases 
inversely proportional by distance. When these systems are integrated with movable 
elements like heliostats to track the sunlight, the cost may be getting higher.   
The collector blocks the hazardous rays like UV rays and prevents the heat gain from 
sun markedly. These properties make the systems more preferable than classic 
solutions. Due to not being transmitted the heat; the system can be installed easily in 
rooms where constant temperature is needed. Light pipes are suitable for 
environments where fire and explode risks are exist. Because, neither they have 
electrical potential nor high surface temperatures. 
Today, the efficiency of light pipes are being measured using sensitive devices in test 
rooms under laboratory circumstances and most of the experiments could only 
measure the efficiency of the pipe. Due to evaluation of light pipes has been done 
without collectors and a diffuser unit, a software tool called “Skyvision” was 
developed by National Research Council of Canada. It is a Windows® based, 
predictive tool for a range of daylighting methods including sky wells and 
conventional skylights as well as light guides. There is also a facility to assess the 
additional electric lighting required for a room that has had skylights fitted (for a 
target illuminance). In one hand, Skyvision allows to simulate only end-lighting 
pipes. The collector, the pipe and the diffuser units can be defined on its’ interface. 
On the other hand, central light pipes called side-lighting pipes which are installed 
for more than one storey building can not be integrated into simulation programs yet, 
due to the following reasons: 
• Sun rays are tracked, gathered, concentrated and then transmitted directly to a 
2’nd mirror by a Heliostat. In this case, the mechanism having movable parts can not 
be defined into existing daylight simulation tools properly at the present time.  
• Sunlight should be transmitted to the long distances with central light pipe 
systems because of the pipe is long. For this reason, high reflective Optical Light 
Film is placed inner surface of pipe. However, existing softwares are not able to 
calculate the light passing through the light pipe due to the complex structure of the 
film. Dr. Alexander Rosemann from British Colombia University, who is making 
researches in detail on Light Pipes, indicating that “I tried to simulate a prism light 
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guide system once, but found it very hard. The reason for this was that the 
microstructured film cannot be modelled in Radiance. Small errors in the direction of 
incident light might lead to wrong calculations as the beam would strike a different 
area of the film.”. [81] Besides, Sergio Bottiglioni from Liverpool University, who 
studied on light pipes, used Radiance and Superlite softwares in his work (See 
Chapter 4, Section 4.2.1.1), and he points out “Radiance is not conceived to simulate 
tubular daylighting systems. What we did is to calculate with math methods the flux 
transported according to the specific situation (performance of collector, pipe and 
diffuser), to make hypothesis upon the Photometric solid of the output and then 
simulate it as if it was a luminary”. [82] 
Since other programs are insufficient to evaluate this system, the light pipe and the 
skylight installed in reference room in the case project, were simulated using 
Skyvision software and compared by using certain norms. The simulation results 
were examined in Chapter 5, Section 4. Skyvision software calculated optical 
characteristics, daylighting performances and entering the target illuminance level, 
the software calculated the annual performance based on 500lux. According to the 
results, the light pipe system is more convenient to the other two alternatives as far as 
amount of daylight provided inside and annual energy consumption are concerned. 
Obviously, the annual energy saving is 51.7% and it seems to build such type of 
system into a deep plan office building is resulting with advantages. 
Although, light pipes and other developing daylighting systems are designed to 
provide homogeneous light distribution in the spaces, to increase the visual comfort 
on occupants and to target minimizing energy consumption; it is expected them been 
able to integrated into a simulation software in terms of making comparison with the 
other alternative solutions. By this means, the system helps designer to reach the 
advisable solutions. In case these systems are not been able to integrate into 
computer based simulation programs, they might cause either wrong applications in 
construction or waste of money and time. Simulation programs are important tools to 
analyse the daylighting systems installed in different building types with different 
functions. 
The cost estimations of base and reference systems in the study were ignored in the 
present study. Whether for installing into an existing building or integrating into a 
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design project, a detailed investigation should be done and cost estimation of the 
installed system should be done. Therefore, this might be the future work. In how 
many years the system completes its’ cost financially after it installed and how much 
energy conservation it provides in a year should be determined before its’ 
construction. In case the integration of these systems into the simulation programs, it 
is possible to determine these issues in an advisable manner. 
In architecture, it is possible to determine the most suitable values for various 
parameters. In this way, an optimization can be achieved. When this fact is taken into 
account, it becomes evident that with an evaluation of alternatives in terms of 
aesthetics, financial cost, function and technology, the best solution for a certain 
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APPENDIX A 
After running the simulation and analysing the results, 2 different skylight variations 
were defined to make comparison in the same conditions. The reference models were 
named as 
• Reference Model 1 (Flat Skylight) 
• Reference Model 2 (Central Flat Skylight) 
Following tables are the simulation results of reference models 
Reference Model 1 
Table A.1 and A.2 indicate the beam radiation results of the Flat skylight called 
Reference Model 1 in summer and winter solstices. 
Table A.1: Flat Skylight optical characteristics incident from beam radiation on 
21’st December. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.30 0.33 0.37 0.46 
10 0.33 0.36 0.31 0.51 
11 0.34 0.37 0.29 0.52 
12 0.34 0.37 0.29 0.53 
13 0.34 0.36 0.29 0.52 
14 0.33 0.35 0.32 0.51 
15 0.28 0.32 0.40 0.44 
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Table A.2: Flat Skylight optical characteristics incident from beam radiation on 
21’st June. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.35 0.38 0.26 0.54 
10 0.35 0.38 0.26 0.54 
11 0.35 0.38 0.26 0.54 
12 0.35 0.38 0.26 0.54 
13 0.35 0.38 0.26 0.54 
14 0.35 0.38 0.26 0.54 
15 0.35 0.38 0.27 0.54 
16 0.35 0.38 0.27 0.54 
17 0.34 0.37 0.29 0.53 
18 0.30 0.33 0.37 0.46 
 
Table A.3 and A.4 indicate the diffuse radiation results of the Flat skylight called 
Reference Model 1 in summer and winter solstices. 











9 0.33 0.36 0.30 0.51 
10 0.34 0.37 0.30 0.52 
11 0.34 0.37 0.29 0.52 
12 0.34 0.37 0.29 0.52 
13 0.34 0.37 0.29 0.52 
14 0.34 0.37 0.29 0.52 
15 0.33 0.37 0.29 0.52 
16 0.33 0.36 0.30 0.51 











9 0.34 0.37 0.28 0.53 
10 0.35 0.38 0.28 0.53 
11 0.35 0.38 0.27 0.54 
12 0.35 0.38 0.27 0.54 
13 0.35 0.38 0.27 0.54 
14 0.35 0.38 0.27 0.53 
15 0.34 0.38 0.27 0.53 
16 0.34 0.37 0.28 0.53 
17 0.34 0.37 0.29 0.52 
18 0.33 0.36 0.30 0.51 
Table A.5 and A.6 point the average daylight factors on inner surfaces of Reference 
Model 1 in summer and winter solstices. 
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Table A.5: Daylighting performance of the system. Average Daylight Factors on 














9 0.5 0.1 0.3 0.3 0.4 0.3 
10 0.5 0.1 0.3 0.3 0.4 0.3 
11 0.6 0.1 0.3 0.3 0.4 0.3 
12 0.6 0.1 0.3 0.3 0.4 0.3 
13 0.6 0.1 0.3 0.3 0.4 0.3 
14 0.6 0.1 0.3 0.3 0.4 0.3 
15 0.6 0.1 0.3 0.3 0.4 0.3 
16 0.6 0.1 0.3 0.3 0.4 0.3 
Table A.6: Daylighting performance of the system. Average Daylight Factors on 














9 0.7 0.2 0.4 0.3 0.4 0.4 
10 0.7 0.2 0.4 0.3 0.4 0.4 
11 0.8 0.2 0.4 0.3 0.4 0.4 
12 0.8 0.2 0.4 0.3 0.4 0.4 
13 0.8 0.2 0.4 0.3 0.4 0.4 
14 0.7 0.2 0.4 0.3 0.4 0.4 
15 0.7 0.2 0.4 0.3 0.4 0.4 
16 0.7 0.2 0.4 0.3 0.4 0.4 
17 0.7 0.2 0.4 0.3 0.4 0.4 
18 0.7 0.2 0.4 0.3 0.4 0.4 
Table A.7 and A.8 indicate the total illuminance levels caused by the flat skylight 
called Reference Model 1 in summer and winter solstices. 
Table A.7: Daylighting performance of the system. Total Illuminance Levels on 



















9 63 20 43 39 49 41 
10 107 39 88 87 104 73 
11 137 51 114 111 120 112 
12 139 49 106 98 113 106 
13 112 36 76 66 86 76 
14 85 26 51 41 60 52 
15 50 15 30 24 35 31 
16 17 5 10 8 12 10 
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Table A.8: Daylighting performance of the system. Total Illuminance Levels on 




















9 561 204 366 263 563 273 
10 805 266 426 317 347 615 
11 1161 353 417 385 425 440 
12 1273 385 438 399 445 469 
13 1162 354 418 387 425 440 
14 732 256 458 309 336 731 
15 555 204 365 265 560 271 
16 310 123 255 224 296 244 
17 148 57 132 132 135 129 
18 75 24 49 43 57 48 
Table A.9 points out the average horizontal global and horizontal diffuse 
illumination levels. Furthermore, it shows the indoor average illuminance levels 
according to the months. 














Jan. 13325 18197 90 31 68 
Feb. 16566 21127 115 39 84 
Mar. 21875 28360 170 58 117 
Apr. 24783 36834 239 82 159 
May 25726 42232 318 104 178 
Jun. 25727 47611 384 125 204 
Jul. 23339 47753 382 126 206 
Aug. 25110 47038 327 113 210 
Sep. 20869 39307 236 86 174 
Oct. 19473 28747 154 56 119 
Nov. 14504 19444 97 34 75 
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Reference Model 2 
Table A.10 and A.11 indicate the beam radiation results caused by the central flat 
skylight called Reference Model 2 in summer and winter solstices. 
Table A.10: Central Flat Skylight optical characteristics incident from beam 
radiation on 21’st December. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.30 0.33 0.37 0.46 
10 0.33 0.36 0.31 0.51 
11 0.34 0.37 0.29 0.52 
12 0.34 0.37 0.29 0.53 
13 0.34 0.36 0.29 0.52 
14 0.33 0.35 0.32 0.50 
15 0.28 0.32 0.40 0.44 
16 0.10 0.21 0.69 0.20 
 
Table A.11: Central Flat Skylight optical characteristics incident from beam 
radiation on 21’st June. 
Time(h) Transmittance Absorptance Reflectance SHGC 
9 0.35 0.38 0.27 0.54 
10 0.35 0.38 0.27 0.54 
11 0.35 0.38 0.27 0.54 
12 0.35 0.38 0.27 0.54 
13 0.35 0.38 0.27 0.54 
14 0.35 0.38 0.27 0.54 
15 0.35 0.38 0.27 0.54 
16 0.35 0.38 0.27 0.54 
17 0.34 0.37 0.29 0.52 
18 0.30 0.33 0.37 0.46 
 
Table A.12 and A.13 indicate the diffuse radiation results of the Central Flat skylight 
called Reference Model 2 in summer and winter solstices. 
Table A.12: Central Flat Skylight optical characteristics incident from diffuse 










9 0.33 0.36 0.30 0.51 
10 0.34 0.37 0.30 0.52 
11 0.34 0.37 0.29 0.52 
12 0.34 0.37 0.29 0.52 
13 0.34 0.37 0.29 0.52 
14 0.34 0.37 0.29 0.52 
15 0.34 0.37 0.29 0.52 
16 0.33 0.36 0.29 0.51 
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Table A.13: Central Flat Skylight optical characteristics incident from diffuse 










9 0.34 0.38 0.28 0.53 
10 0.35 0.38 0.27 0.53 
11 0.35 0.38 0.27 0.54 
12 0.35 0.38 0.27 0.54 
13 0.35 0.38 0.27 0.54 
14 0.35 0.38 0.27 0.53 
15 0.34 0.38 0.27 0.53 
16 0.34 0.37 0.28 0.53 
17 0.34 0.37 0.29 0.52 
18 0.33 0.36 0.30 0.51 
Table A.14 and A.15 point the average daylight factors on inner surfaces of 
Reference Model 2 in summer and winter solstices. 
Table A.14: Daylighting performance of the system. Average Daylight Factors on 

















9 0.6 0.2 0.4 0.3 0.5 0.4 
10 0.6 0.2 0.4 0.3 0.5 0.4 
11 0.6 0.2 0.4 0.3 0.6 0.4 
12 0.7 0.2 0.4 0.3 0.6 0.4 
13 0.7 0.2 0.4 0.3 0.5 0.4 
14 0.7 0.2 0.4 0.3 0.5 0.4 
15 0.7 0.2 0.4 0.3 0.5 0.4 
16 0.7 0.2 0.4 0.3 0.5 0.4 
Table A.15: Daylighting performance of the system. Average Daylight Factors on 

















9 0.9 0.2 0.4 0.3 0.5 0.5 
10 0.9 0.2 0.4 0.3 0.5 0.5 
11 0.9 0.2 0.4 0.3 0.5 0.5 
12 1.0 0.2 0.4 0.3 0.5 0.5 
13 0.9 0.2 0.4 0.3 0.5 0.5 
14 0.9 0.2 0.4 0.3 0.5 0.5 
15 0.9 0.2 0.4 0.3 0.5 0.5 
16 0.7 0.2 0.4 0.3 0.5 0.5 
17 0.7 0.2 0.4 0.3 0.5 0.5 
18 0.7 0.2 0.4 0.3 0.5 0.5 
Table A.16 and A.17 indicate the total illuminance levels of Central Flat Skylight 
called Reference Model 2 in summer and winter solstices. 
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Table A.16: Daylighting performance of the system. Total Illuminance Levels on 




















9 76 25 53 56 56 48 
10 128 50 114 72 188 83 
11 164 63 143 86 240 104 
12 167 59 127 78 199 104 
13 136 43 89 59 125 83 
14 104 30 57 40 69 63 
15 62 17 33 24 38 37 
16 21 6 11 8 13 12 
Table A.17: Daylighting performance of the system. Total Illuminance Levels on 




















9 867 261 327 281 324 375 
10 1121 335 387 346 392 422 
11 1311 390 439 391 444 482 
12 1400 416 459 407 463 507 
13 1317 392 440 393 444 482 
14 1131 338 388 349 392 423 
15 778 245 362 267 306 512 
16 270 125 342 153 316 557 
17 175 72 168 97 294 113 
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APPENDIX B 
Appendix B claims the mathematical model, determined for dome skylights which is 
used by Skyvision software. 
The model is based on tracking the beam and diffuse radiation transmission through 
the dome surface. Since all building-energy simulation and fenestration-rating tools 
are limited to planar skylights, the model was translated into a simple method where 
domed skylights were substituted by optically equivalent planar skylights. The 
results showed that domed skylights yield slightly lower visible/solar transmittance 
at low sun zenith angles and substantially higher visible/solar transmittance at high 
sun zenith angles, or near the horizon than planar skylights having the same aperture. 
Absorptance of domed skylights is higher than that of planar skylights, particularly at 
high sun zenith angles, or near the horizon. [77] 
Building-energy simulation computer programs accommodate the dome geometry by 
dividing it into a number of inclined surfaces, and employ a ray-tracing algorithm to 
predict the transmitted irradiance to the interior space. The accuracy of the results 
depends on the number of the inclined surfaces composing the dome and the 
prediction algorithm. [83] It is implied in the mathematical model study that optical 
properties of curved surfaces can be evaluated based on the optical properties of their 
counterpart planar surfaces and their geometry. A curved surface can be divided into 
a number of very tiny inclined planar surfaces. Irradiance incident on the curved 
surface may, thus, be readily calculated by summing up all irradiances incident on 
the inclined tiny surfaces. Transmitted irradiance through the curved surface may be 
calculated by summing up all transmitted irradiances through the inclined 
microscopic surfaces that reach the dome base surface. It is expressed in one hand, 
the transmittance of the domed surface may, thus, be readily obtained. On the other 
hand, other optical properties may be obtained in a similar manner. Although, a 
transparent domed surface with multiple glazed panes were considered. While the 
transmittance, absorptance and reflectance of its counterpart planar surface for beam 
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radiation at a given incidence angle were noted as τ, α and ρ; for diffuse radiation 
were noted as τd, αd and ρd, respectively. Finally, solar irradiations on inclined planar 
surfaces, and on domed surfaces were calculated as follows: 
A domed surface is a hemispheric cap, defined by its’ truncation angle (σ0) and its 
radius (R). A dome shape is a representative form for any curved surface. The family 
of shapes covered range from a fully hemispheric surface to a planar surface. Domed 
surfaces receive beam solar radiation as well as sky and ground-reflected diffuse 
solar radiation. The amount of solar irradiance transmitted through, absorbed or 
reflected by a domed surface is dependent on the dome geometry and the beam and 
diffuse solar radiation. [77] 
Beam Radiation Transmission Process 
Figure B.1 illustrates a schematic description of the beam radiation transmission 
process through a horizontal domed surface in a system of coordinates (x, y, z) 
moving with the sun. Beam irradiance incident on a domed surface is given by: 
       (B.1) 
 
Figure B.1: Beam radiation transmission process through a horizontal domed surface 
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A portion of the beam irradiance is transmitted directly to the interior space through 
the surface area A1. The other portion is transmitted through the surface area A2, and 
then reflected by the dome interior surface to the interior space. The following 
assumptions are made to calculate the dome transmitted, absorbed and reflected 
irrandiances: 
1. The light transmittance, absorptance and reflectance at any point on the dome 
surface are equal to those of a planar surface at the same incidence angle; and 
2. The amount of light reflection from the interior space under the dome back to the 
dome interior surface is not accounted for. [77] 
The transmitted beam irradiance is given by: 
   (B.2) 
Similarly, the absorbed and reflected beam irradiances read: 
        (B.3;B.4) 
where: 
ds : the area of an elementary surface associated with the point P; 
P : a point that moves in a plane perpendicular to the plane of the sun’s rays and 
inclined with an angle σ with respect to the domebase’s plane; and 
θ: the incidence angle on the elementary surface ds. [77] 
Figure B.2 shows the coordinates of the elementary surface ds. 
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Figure B.2: Coordinates of the elementary surface ds 
Substituting the inclination angle of the elementary surface β=pi/2-ζ, and the azimuth 
angle difference ψs - ψf = pi/2-φ’ in Equation (5.7), which refers to the incidence 
angle θβ is given by: 
   (B.5) 
with: 
θz : the sun zenith angle (or the incidence angle on a horizontal planar surface); 
ψs : the sun azimuth angle; and 
ψf : the surface azimuth angle. [77] 
And the incidence angle on the elementary surface reads: 
    (B.6) 
where: 
ζ: the elevation angle of the point P with respect to the dome-base’s 
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plane (varies from 0 to pi/2); and 
φ: the relative azimuth angle of the point P (varies from 0 to 2pi). [77] 
The area of the elementary surface ds is given by: 
        (B.7) 
and the elevation angle ζ  is expressed as: 
         (B.8) 
with φ the equivalent angle to φ’ in the inclined plane of the point P (varies from 0 to 
pi), given by: 
        (B.9) 
The surface portions A1 and A2 are defined as follows: 
  (B.10) 
The angles σ1, σ2 and φ0 are given by: 
  (B.11) 
Diffuse Radiation Transmission Process 
Figure B.3 illustrates the diffuse radiation transmission process through a domed 
surface. Total diffuse irradiance incident on a domed surface is expressed as follows: 
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       (B.12) 
where Adome is the dome surface area. [77] 
The diffuse radiation is spread diffusely after its transmission through the dome 
surface. A portion of the transmitted diffuse radiation goes directly to the interior 
space while the other portion experiences multiple reflections and transmissions 
through the interior surface of the dome. [77] 
 
Figure B.3: Diffuse radiation transmission process through a horizontal domed 
surface 
The first reflected radiation from the dome interior surface is diffuse and treated in a 
similar manner as the first transmitted diffuse radiation, and so on for subsequent 
reflections. The total transmitted diffuse irradiance is expressed as follows: 
  (B.13) 
Similarly, the absorbed and reflected diffuse irradiances read: 
  (B.14) 
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 (B.15) 
where: 
F11 : the view factor of the dome interior surface to itself; 
F12 : the view factor of the dome interior surface to its base surface; 
and 
ITd,t : the transmitted total diffuse radiation, given by: 
      (B.16) 
where θd is the incidence angle for diffuse radiation. Equations 5.15 and 5.17 
reduce to: 
           (B.17; B.18; B.19) 
 
The view factors F12 and F11 are expressed as: 
    (B.20) 
with Ah the area of the dome base surface. [77] 
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The above analysis states that all the parameters needed to calculate the dome 
transmittance, absorptance and reflectance are now available. The dome 
transmittance is the ratio of the transmitted irradiance to the incident irradiance on 
the dome surface. Similarly, the dome absorptance or reflectance is the ratio of the 
absorbed or reflected irradiance to the incident irradiance. These are expressed as: 
For beam radiation, 
  (B.21) 
For diffuse radiation, 
 (B.22) 
For diffuse radiation, the dome transmittance is lower than that of a planar surface. 
The dome absorptance and reflectance are, however, higher than those of a planar 
surface. [77] 
Equations 5.23 and 5.24 are general for any source of light (natural or artificial) with 
specular or diffuse radiation. For energy and daylighting calculations, Equations 5.23 
and 5.24 may be used to compute the solar or visible transmittance of transparent 
domed skylights. [77] 
Computing the dome transmittance, absorptance, and reflectance and, consequently, 
the transmitted, absorbed and reflected irradiances is not straightforward before the 
evaluation of the double integral in Equations 5.4; 5.5; 5.6; and 5.14 for each time of 
the day. Thats why an alternative approach was proposed in the research to compute 
the optical properties of a planar surface that is optically equivalent to a domed 
surface. The model calculates the transmittance, absorptance, and reflectance of a 
planar surface that is optically equivalent to a domed surface. The dome-equivalent 
planar surface would have the same aperture, the same construction materials, the 
same orientation and inclination angles, and would produce the same transmitted, 
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absorbed and reflected irradiances as the domed surface. However, incident 
irradiance on the dome-equivalent planar surface can not be equal to that incident on 
the dome surface. Hence, transmittance, absorptance, and reflectance of a dome-
equivalent planar surface may be greater than unity. Transmittance, absorptance and 
reflectance of a dome-equivalent planar surface may be defined as follows: 
  (B.23) 
where (t), (a) and (r) are transmittance, absorptance and reflectance coefficients to be 
determined. The equivalent transmittance τeq may indicate the solar heat gains of the 
interior space under the dome, or may be interpreted as a daylight factor, which 
indicates the amount of daylight entering the space through the dome. The 
absorptance αeq indicates the amount of solar radiation stored in the dome surface, 
which is then convected and radiated to the interior and the exterior spaces. [77] 
Conservation of radiative heat flux on the dome surface yields the following 
relationship: 
       (B.24) 
where ε is the ratio of the incident irradiance on the domed surface to that incident on 
the dome-equivalent planar surface. For horizontal domed surfaces, ε is given by: 
        (B.25) 
for beam radiation and; 
       (B.26) 
for diffuse radiation. 
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Equation 5.27 for beam radiation can be expressed as: 
     (B.27) 
With, 
(B.28) 
For isotopic diffuse skies, F1 = F2 = 0, Equations 5.27 for diffuse radiation reduce to: 
       (B.29) 
By equating the transmitted, absorbed and reflected irradiances of a horizontal 
domed surface to that of a dome-equivalent horizontal planar surface, one obtains: 
For beam radiation,  
  (B.30) 
For diffuse radiation: 
(B.31) 
For beam radiation, the optical properties τeq, αeq and ρeq depend on the optical 
properties τ, α and ρ, on the sun zenith angle θz (which itself depends on the site 
latitude and the day of the year), and on the dome geometry. For diffuse radiation, 
the optical properties (τeq)d, (αeq)d and (ρeq)d depend on the optical properties τd, αd 
and ρd, on the beam and diffuse radiation intensities, on the ground reflectance ρg, 
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and on the dome geometry. The dome geometry is described by only one 
dimensionless parameter: the dome truncation angle σ0, which means the radius has 
no effect. The dome truncation angle parameter is very important to domed skylight 
designs. The dome shape may be chosen to yield high/low visible equivalent 
transmittance for daylighting purpose, or to yield high/low solar heat gains to reduce 
heating/cooling costs in winter/summer, depending on the site latitude and the 
prevailing climate. [77] 
Figure B.4 draws the predicted transmittance and absorptance of a singleglazed 
domed surface as a function of the incidence angle on a horizontal planar surface for 
a number of dome shapes. The figure shows that the transmittance of domed surfaces 
decreases as the incidence angle increases. The nearly hemispheric domes (σ0 < 300) 
have lower transmittance than that of planar surfaces for incidence angles up to 870. 
[77] 
 
Figure B.4: Transmittance and absorptance on a domed surface 
Domes with truncation angles 300≤ σ0 ≤750 have a slightly lower transmittance than 
that of planar surfaces for incidence angles up to 600 (up to 4% lower that that of 
planar surfaces). However, at higher incidence angles (above 600), these domes have 
a much higher transmittance than that of planar surfaces, reaching a maximum of 
 - 121 -
about 26%. The dome transmittance increases with the dome truncation angle, 
particularly for domes with σ0 lower than 750. [77] 
The absorptance of domes is generally higher than that of planar surfaces. At near 
normal incidence angle (up to 500), the absorptance of domes is about 7% higher 
than that of planar surfaces. [77] 
At very high incidence angles (near the horizon), the absorptance of domes can be 
28% higher than that of planar surfaces. For a given incidence angle, the dome 
absorptance decreases with the increase of truncation angles. Hemispheric domes 
have the highest absorptance. This is because a hemispheric dome has the largest 
exposure area to absorb and reflect solar radiation. [77] 
Unlike planar surfaces, transmittance and absorptance of domed surfaces are not 
equal to zero at 900 incidence angle, due to the fact that domes still collect solar 
radiation when the sun is at the horizon. [77] 
It is asserted in the research, the predictions of the proposed model implied that, at 
normal incidence angles, the equivalent transmittance increases with the dome 
truncation angle. However, near the horizon, the equivalent transmittance decreases 
with the increase of the dome truncation angle. Fully hemispheric skylights have the 
lowest equivalent transmittance at normal incidence angles (about 10% lower than 
that of planar skylights) and the highest equivalent transmittance around the horizon. 
Hence, depending on the site latitude and the day of the year, domed skylights may 
yield lower or higher visible equivalent transmittance or solar heat gains than planar 
skylights. [77] 
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Figure B.5: Beam absorptance coefficient of a domed surface. 
Figure B.5 illustrates the beam absorptance coefficient (a) as a function of the 
incidence angle on a horizontal planar surface for a number of dome shapes. The 
beam absorptance coefficient for nearly hemispheric domes (σ0<300) increases 
significantly with the incidence angle. However, the beam absorptance coefficient 
for domes with truncation angles 300 ≤ σ0 ≤750 is almost equal to a unity for 
incidence angles up to 500 while at higher incidence angles it takes on higher values. 
The beam absorptance coefficient decreases with the dome truncation angle. Fully 
hemispheric domes have the highest absorptance coefficient. This is because fully 
hemispheric domes have the largest exposed surfaces with respect to other dome 
shapes. [77] 
Figure B.6 illustrates the diffuse transmittance and absorptance coefficients of a fully 
hemispheric dome under non-isotropic sky (Perez sky model) for the 21st of June. 
The selected latitude is 45o with a longitude difference of 0o (such as Ottawa, 
Canada). The beam (Ib) and diffuse (Id) radiations are calculated using the ASHRAE 
standard (U.S.A. Standards) method for solar radiation calculation. The ratio of 
diffuse-to-beam radiation is 0.134. [77] 
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Figure B.6: Diffuse transmittance and absorptance coefficients of a surface  
Unlike diffuse isotropic skies, the diffuse transmittance and absorptance coefficients 
under non-isotropic skies increase significantly with the decrease of the sun zenith 
angle. At low zenith angles (around noontime), the diffuse transmittance and 
absorptance coefficients under non-isotropic skies (Perez sky model) are 30% higher 
than those under isotropic skies. At high zenith angles (at horizon), the diffuse 
transmittance and absorptance coefficients under non-isotropic skies are 13% lower 
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